Geochemistry Of Mesoproterozoic Metasediments Of Khetri Copper Belt, Ne Rajasthan and Its Implication on Provenance Characteristics and Tectonic Setting by Bhardwaj, Vivek Retwij
Geochemistry of Mesoproterozoic metasediments of 
Khetri Copper Belt, l\IE Rajasthan and its implication 
on provenance characteristics and tectonic setting 
ABSTRACT 
THESIS 
SUBMITTED FOR THE AWARD OF THE DEGREE OF 
Boctor of ^fjilosfoptP 
IN 
GEOLOGY 
BY 
VIVEK RETWI] BHARDWA] 
DEPARTMENT OF GEOLOGY 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH INDIA 
2008 
Abstract 1 
Abstract 
In India, the Aravalli-Delhi orogen, comprising the northwestern edge of 
Indian shield, preserves a complete Precambrian sedimentary record ranging in 
age from Mesoarchean to Neoproterozoic. The sedimentary record deposited for 
over more than half of the earth history, is well preserved and geological details, 
worked out by earlier workers are available in literature. These characteristics 
make this region ideal not only for studies of provenance, paleoclimate and 
tectonics but also to decipher the evolutionary history of continental crust both at 
regional and global scale. 
In this region the Archean depositional history is represented by quartzite-
carbonate association occurring within'the Archean basement referred to as 
Banded Gneissic Complex or BGC. Large exposures of the quartzite occur near 
Mavli, east of Udaipur, where they are intruded by 2800 Ma old amphibolites and 
referred to as Naharmagra quartzite. The Proterozoic cycles of sedimentation are 
represented by volcanic-sedimentary sequences of Paleoproterozoic Aravalli and 
succeeding Delhi Supergroup which were deposited over Archean BGC basement. 
The Paleoproterozoic Aravalli rocks constitute a number of N-S and NE-SW 
trending linear belts in the southern part of the orogen, south of Ajmer. The 
northern part of orogen in broadly constituted by three sub-basins which are from 
east to west, the Bayana basin, the Alwar basin and the Khetri-basin. These basins 
contain the volcanic-sedimentary rocks of Delhi Supergroup. Sedimentary rocks 
are predominantly arenaceous and calcareous in the lower part (Alwar Group) and 
argillaceous and calcareous in the upper part (Ajabgarh Group). Although there 
has been a consensus in the past that the sedimentary rocks of these basins are of 
Mesoproterozoic age, recently published model galena Pb-isotope data base of 
Deb and Thorpe (2004) and U-Pb age (1832Ma, Guerot, 1993) of zircon from tuff 
of Khetri belt, have now shifted the age of sedimentary rocks of these basins to 
1800 Ma. The next and youngest Precambrian sedimentation in this area is 
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represented by Vindhyan Supergroup. The 1600 Ma old sandstone-shale-
carbonate-volcanic assemblage of Lower Vindhyan Group occurs near Chittorgarh 
about 100 km east of Udaipur city. 
The present thesis is concerned with geochemistry and petrography of 
Paleoproterozoic (ISOOMa) pelites (schists) and quartzites (meta-arenites) of 
Khetri belt referred to as Khetri Copper Belt or KCB of north Delhi belt. The 
study is aimed to constrain composition and weathering conditions of upper 
continental crust and also the tectonic setting and paleoclimatic conditions 
prevailing during the course of sedimentation. In addition, geochemistry of 
underlying Mesoarchean (~2800 Ma) Naharmagra quartzite and overlying Lower 
Vindhyan sandstones (-1600 Ma) is also being carried out with above aims and 
more importantly to deduce compositional evolution of upper continental crust 
during the period from about 2800 Ma to 1600 Ma (across Archean-Proterozoic 
boundary). Major, trace and rare earth element data of these rocks, generated 
during the present study are presented and utilized to achieve the aims as 
described above. 
The geochemical data of the studied pelites and quartzites/sandstones are 
compared with cratonic shales/sandstones, PAAS, (Post Archean Australian 
shales), NASC (North American Shale Composite), and AUCC (Average Upper 
Continental Crust). Various variation and discrimination diagrams are used to 
reveal the inferred provenance, tectonics and paleoweathering conditions. Various 
geochemical parameters are used to determine the evolutionary trend of 
continental crust in Aravalli region across Archean-Proterozoic boundary. 
In AUCC-normalized multielement spidergrams^both the pelitic rocks and 
quartzite of KCB display strong depletion in CaO, Na20, Sr and Ba suggesting 
that their source rocks suffered continental weathering. These pelites and 
quartzites display average values of CIA = 66 and 62, CIW = 83 and 76, PIA = 79 
and 72 respectively suggesting that parent rocks of both of these rock types were 
subjected to same weathering conditions and that their source rocks did not suffer 
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Strong chemical weathering. Moderate weathering conditions are supported by 
Al203-Ti02 correlation Th/U ratios and other geochemical parameters. ICV (Index 
of compositional variability= Fe203+K20+Na20+CaO+MgO+Ti02/Al203) of the 
KCB pelites and quartzites are 1 and 8.91 respectively suggesting their matured 
nature and their derivation from first cycle input. The geochemical provenance 
analysis of Khetri belt clastic rocks, carried out using Th/Sc-Sc, La/Sc, Ti02- Zr, 
Th/Sc-Cr/Th, Th/Sc-Sc, La/Sc-Sc/Th, Co/Th-La/Sc and La-Th-Sc, systematics, 
(LaA^b)N, (GdA'b)N ratios, Eu-anomalies and other geochemical parameters, 
identifies a number of possible end member components that include granite, 
TTG, mafic enclaves and minor sediments. These lithologies have close 
similarities with those of Archean BGC basement which extensively occur to the 
south of Khetri basin. However, it also appears that the sedimentary debris of 
northern part of Khetri belt was not only derived from Archean BGC cratonic 
basement but also and more significantly from Paleoproterozoic magmatic arcs 
occurring in adjacently lying area towards west. Modeling based on REE 
concentrations of different end members suggests that upper continental crust of 
Aravalli carton was constituted of 50% granite, 35% mafic rocks and 15%) of TTG 
and thus convey the importance of LILE enriched subduction related granites in 
the upper crust during the Paleoproterozoic period. However, the mafic rocks 
constitute only the minor volume of the BGC basement therefore, it is suggested 
that the Khetri basin received some mafic-rich debris from local sources in 
addition to that supplied by BGC basement. Most likely local source may be 
magmatic arcs probably formed at the time of Khetri basin sedimentation. 
The geochemical data suggest confinental arc and/or acfive continental 
margin setting as more probable geodynamic scenario for Khetri basin 
sedimentation. A back are setting can account for the mixed nature of inferred 
source area. The Khetri basin may be considered as a successor sedimentary 
sequence deposited in a extensional back are basin close to 1800 Ma continental 
margin arc teiTain. 
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Major, trace and rare earth element concentrations of 2800 Ma old 
Naharmagra quartzite are closely similar to standard Archean cratonic sandstones. 
Compared to AUCC, these quartzites are considerably depleted in MgO, CaO, Sr, 
Na20, K2O, Rb, Ba and Y and highly depleted in Fe203. However, Cr is high due 
to presence of fuchsite. Pronounced Na, Ca, Sr depletion suggests that their source 
rocks suffered continental weathering. CIA values (avg. 63), does not indicate 
extreme chemical weathering during the time of erosion and deposition. Models 
inferring a high atmospheric partial pressure of CO2 and unusually high surface 
temperature and hot ocean during Archeans are not supported by the geochemistry 
of Naharmagra quartzite 
In binary Th/Sc-Sc, La/Sc-Sc/Th, Co/Th-La/Sc diagrams and La-Th-Sc 
ternary diagram the Naharmagra quartzite plot very near to TTG end member. 
These plots in combination with low K20/Na20 and Rb/Sr and high (La/Yb)>4 and 
(Gd/Yb)N ratios suggest a source containing considerable amount of TTG. Their 
REE patterns are parallel to TTG component of BGC. 
Geochemical data of 1600 Ma old lower Vindhyan sandstone are closely 
similar to those of standard cratonic sediments. In AUCC-normalized spidergram 
these sandstone also display pronounced negative anomalies at Na, Ca, and K2O, 
suggesting continental weathering of their source terrain. CIA values averages at 
70 indicati»g that the source rocks underwent moderate weathering. Th/Sc-Sc, 
La/Sc- Sc/Th, Co/Th-La/Sc and La-Th-Sc systematics suggest that they have been 
derived from a source terrain comprising predominantly of granitic rocks with 
comparatively lesser amount of TTG. Their REE patterns are parallel to those of 
Berach Granite of BGC. 
A geochemical comparison of Naharmagra quartzite, Khetri quartzite and 
lower Vindhyan sandstone signify many changes which have important 
implications on the crustal evolution of Aravalli carton during Mesoarchean 
(~2800Ma) and late Paleoproterozoic (~1600Ma) periods. Changing trends, 
particularly displayed by KzO/NazO, Rb/Sr, (La/Yb)N and (Gd/Yb)N through 
Abstract 5 
geological times suggest that northern part of Indian shield evolved from a TTG 
dominated crust during Archean to granite dominated crust during 
Paleoproterozoic/Mesoproterozoic period. The geochemical data and 
interpretation presented herein are consistent with recently proposed models for 
the evolution of early continental crust. 
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INTRODUCTION 
The composition of detrital sediments is a fiinction of complex 
interplay of various variables including source rock composition, 
weathering processes operating in source terrain, tectonic setting of 
depositional basin, and digenesis (McLennan et al., 1993). There has been 
a great deal of interest in the geochemical studies on fme-grained 
terrigeneous sediments to compute the composition of continental crust 
(Ronov and Migdisov, 1971; Engel et al. 1974; Naqvi et al., 1978; Taylor 
and McLennan, 1981; Miller et al, 1987; Condie, 1993; Jahn and Condie, 
1995; Yang et al, 1998). However, it is a rather recent trend to use 
geochemical composition of clastic sediments both as independent field 
of study as well as an important adjunct to sedimentological studies to 
constrain the potential source areas (McLennan et al., 1995; Naqvi et al., 
1988), to construct the tectonic setting of depositional basin (Bhatia and 
Crook, 1986) and to reveal possible Paleoclimatic conditions (Nesbitt and 
Young, 1982). The geochemistry of clastic sediments is particularly 
helpful to constrain the evolutionary history of the provenance domain 
including compositional characteristics, changes in source lithology due 
to unroofing and addition of juvenile mantle material, and sedimentary 
recycling. Moreover, the geochemistry of sedimentary rocks may help in 
constraining the average upper crust composition and global crustal 
Introduction 
evolution models, for example the average composition of upper 
continental crust changed during Archean - Proterozoic transition (e.g. 
Gibbs et al., 1986; Condie and Wronkiewicz, 1990; Taylor and 
McLennan, 1985; 1995). 
In provenance studies the sedimentary rocks may be of two types 
i.e. (1) those having derived from local sources and (2) those having 
remained in river, marine system for a longer time before deposition as 
well mixed sedimentary debris. The latter types of sediments provide data 
for crustal scale processes. The importance of sedimentary provenance in 
constraining tectonic processes that have shaped sedimentary source 
regions has been recognized by many authors (e.g. Li et al., 2005; Payne 
et al., 2006). Ancient sedimentary rocks preserve the chemical 
characteristics of old continental crust. Geochemical study of these 
sedimentary formations provides important clues to understand evolution 
of crust through geological times. 
Although, the chemical composition of clastic sediments is 
essentially controlled by lithology of their provenance there are other 
factors such as degree of paleoweathering, hydraulic sorting (grain-size 
effects), diagenesis and metamorphism which may greatly modify or even 
erase the provenance memory (Cullers et al., 1987; Bock et al, 1994; 
Condie et al., 1995). However, there are certain trace elements which are 
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considered immobile during chemical weathering, diagenesis and even 
metamorphism. Since these elements are transferred virtually 
quantitatively from the upper continental crust into clastic sediments, the 
trace element geochemistry of clastic rocks has been used to determine 
the composition of source terrain. These elements include high field 
strength elements (HFSE) such as Th, Zr, Hf, Ti, Nb, V, Cr, Ga, and rare 
earth elements (REE). In particular Zr and Ti are representatives of the 
immobile or least mobile elements (Lowe et al., 1999; Polat et al., 2002; 
Polat and Hofmann, 2003). In this regard the REE are considered to be 
more reliable and have been used widely in geochemical studies of clastic 
sedimentary rocks. The degree of differentiation of TREE from HREE is 
a measure of proportion of felsic to mafic rocks in the provenance and Eu 
anomalies reflect the processes affecting the source area such as whether 
the plagioclase has been fi-actionated from igneous rocks of the source 
terrain (Taylor and McLennan, 1985). The diagenesis appears to have 
little effect on the abundances of immobile trace elements or on their 
ratios (Totten and Blatt, 1993; Taylor and McLennan, 1985; Polat and 
Hofinann, 2003). As a result, the select trace elements and REEs are 
widely used as a tool in sedimentary provenance studies (Sugitani et al., 
2006; Payne et al., 2006; Polteau et al., 2006). Therefore the 
concentration and ratios of trace elements have been proved very useful 
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for inferences about provenance history, climate attended during 
weathering and changes in the composition of continental crust at the 
Archean - Proterozoic boundary (Taylor and McLennan, 1985). For 
example, higher Cr/Zr and lower La/Sc and Th/Co ratios in a clastic 
sediment sample suggest greater contribution from komatiite than granitic 
terrain. Consequently, any change in their chemical composition should 
reflect the changes undergone by provenance during the time it supplied 
debris to a site of sedimentary deposition. Similarly, sediments having 
low Th/U ratio suggest absence of significant recycling. In case of 
Archean fine grained sediments the Th/U ratio reflect less oxygenating 
atmosphere (Taylor and McLennan, 1985).On a local scale such 
information together with classical sedimentological data (e.g. 
Paleocurrent data etc.) provides important constraints in the identification 
of source terrain and greatly help to determine changes in climatic and 
tectonic regimes in the source terrain through geological times. On a 
regional scale the geochemical data provide usefiil clues to investigate the 
secular variation in the composition of continental crust. 
The significance of sedimentary record in studies of crustal 
evolution has been discussed extensively by Taylor and McLennan 
(1985). It has been emphasized that in studying the chemistry of the 
sedimentary record as a tracer of crustal evolution, it is important to use 
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those elements that are relatively insoluble, with short residence times in 
sea water. In this context the elements such as the REE, Sc, Th and 
occasionally Zr and Hf have been widely used. Several significant 
changes have been suggested at the Archean - Proterozoic transition. 
These include: 
(1) A change in REE pattern in clastic sediments involving the 
appearance of a significant depletion in Eu in chondrite-
normalized REE patterns. There is also a tendency for the total 
REE abundances to increase with decreasing age. 
(2) Significant increase in Th/Sc ratio parallel to the change in 
REE. This ratio provides an index for the relative proportion of 
acidic and basic material in the sources of the sediment. This is 
due to the fact that Th is a highly incompatible element, 
typically enriched in residual silicate elements, while Sc is a 
compatible element and concentrated in early crystallizing 
mineral such as pyroxene. 
s The above changes have been considered due to voluminous 
production of high-K granite and widespread crust formation at 2.5 Ga in 
expense of Komatiite magmatism of greenstone assemblage of Archean. 
However, this has been challenged by several workers (e.g. Gibbs et al., 
1986; Condie, 1993, 1997; Gao and Wedepohl, 1995) who have 
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suggested tectonic setting artifacts for such geochemical changes. These 
authors suggest that geochemical comparison should be made on rocks of 
similar tectonic setting. 
Although enough sedimentary record is available in Indian shield, 
the application of geochemistry to the sedimentological studies did not 
catch up widely. Despite early beginning by Naqvi and his co-workers 
(Naqvi and Hussain, 1972; Naqvi and Rogers, 1983 and references 
therein) in the field, very few geochemical studies have been carried out 
on sedimentary rock records (e.g. Srinivasan and Naqvi, 1990; Bose, et 
al, 1994; Bhushan, 1998; Raza et al., 2002; Islam et al., 2002; Tripathi 
and Rajamani, 2003; Chakrabarti et al., 2007). 
The Indian shield is a collage of several Precambrian blocks (Naqvi 
and Rogers, 1987; Naqvi, 2005) accreted at different times (Rogers, 
1986). These terrains are (1) Western Dharwar Craton (2) Eastern 
Dharwar Craton (3) Southern Granulite Terrain (4) Bastar Craton (5) 
Singhbhum Craton (6) Aravalli Craton and (7) Bundelkhand Craton (Fig. 
1.1). In addition to these cratons there are mobile belts (Naqvi, 2005) of 
different ages, namely (1) Pandian mobile belts of Southern India (2) 
Anchan - Kovil terrain (3) Eastern Ghat Mobile Belt (4) Satpura -
Singhbhum Mobile Belt (5) Aravalli-Delhi Mobile Belt and (6) 
Chotanagpur Belt. Other th^n these features, there are three rift valleys 
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Fig. 1.1. Map of India showing tectonic architecture of the Indian shield. 
Note that the Northern (NIC) and Southern (SIC) parts of the shield are 
separated by a major tectonic zone referred to as Central Indian Tectonic 
Zone (CITZ). NIC = North Indian Craton, SIC = South Indian Craton, 
SMB = Satpura Mobile Belt, EGMB = Eastern Ghat Mobile Belt, SOT = 
Southern Granulite Terrain, CHB = Chhotanagpur Belt and GBFZ = 
Great Boundary Fault Zone 
viz. Godavari, Mahanadi and Damodar rifts. The most outstanding 
features of Indian shields are (1) Precambrian cratons and Mobile belts 
(2) Large sedimentary basins of Proterozoic age (3) Gondwana rift valley 
sediments (4) Deccan flood basalts (5) Himalayan mountain belt and (6) 
Indogangetic plains. Southern part of Indian shield comprising Dharwar 
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craton, Bastar craton and Singhbhum craton referred to as South Indian 
craton (SIC). On the other hand Bundelkhand Block and Aravalli Block 
occurring toward east and west of GBF constitute the North Indian 
Craton (NIC). SIC and NIC were amalgamated along a roughly E- W 
trending linear orogenic belt referred to as Central Indian Tectonic Zone 
(CITZ,Basu, 1986). 
The southern part of Indian shield preserves well-developed and 
extensively studied Archean sequences but lack unequivocal 
Paleoproterozoic sedimentary rock record. However, its northern part is 
characterized by presence of Archean continental crust referred to as 
Bundelkhand Granite-Gneiss Complex (BGGC) in Bundelkhand block 
and Banded Gneissic Complex (BGC) in Aravalli block which served as 
basement for numerous younger Proterozoic sedimentary cover rocks 
(Fig. 1.3). Continuous sedimentary record ranging in age from 
Mesoarchean to Neoproterozoic is available in Aravalli block (Fig. 1.3). 
Therefore, it is a quite good study area for geochemical investigations on 
sedimentary rock records particularly of Precambrian age. 
The Aravalli cratonic block of the Indian shield is characterized by 
the presence of Aravalli mountain belt, generally referred to as Aravalli-
Delhi fold belt as it comprises two major groups of supracrustal 
sequences: an older Paleoproterozoic Aravalli Supergroup and a younger 
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Fig. 1.2. Sketch map showing linear Tectonic Zones in Aravalli-Delhi 
Orogenic Belt and Proterozoic sedimentary basins of surrounding area 
(After Sen 1980, 1981) 
Mesoproterozoic Delhi Supergroup. These supergroups constitute a 
number of linear volcanic-sedimentary belts (Fig. 1.2), which were 
emplaced on BGC (Heron, 1953). The whole belt is divisible into two 
segments occurring to the south and north of Ajmer city (Fig. 1.3). The 
southern part contains well-developed sequences of both Aravalli and 
Delhi Supergroups. The northern segment, referred to as north Delhi Fold 
Belt, is entirely composed of the rocks of Delhi Supergroup. The recently 
published geochronological database (Deb and Thorpe, 2004) suggest, 
however, the occurrence of Aravalli equivalent rocks in the North Delhi 
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Fold belt. The northern part of Aravalli-Delhi fold belt consists of three 
linear sedimentary basins. These are from east to west: the Bayana-Lalsot 
sub-basin, the Alwar sub-basin and the Khetri sub-basin. 
Aims and Objective: 
The present study involves geochemical and petrographical 
examination, particular of clastic sedimentary rocks of Khetri sub-basin 
(-1800 Ma) and also of older Bhilwara Group of Archean age (-2800 
Ma) and younger Lower Vindhyan Group of late 
Paleoproterozoic/Mesoproterozoic age (-1600) with the following aims 
and objectives: 
1. A classical whole rock geochemical investigation particularly of 
Khetri Group clastic sediments and also the underlying Archean 
metasediments and overlying Late Paleoproterozoic 
/Mesoproterozoic Vindhyan sediments by generating 
geochemical data of advance nature. 
2. To constrain and locate the provenance of the sedimentary 
sequence of Khetri belt to distinguish petrofacies as per 
Dickinson scheme 
3. To reveal the weathering conditions and Paleoclimatic 
conditions prevailing during sedimentation. 
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4. To understand the tectonic setting of sedimentary basin. 
5. To examine the apphcabihty of geochemical data in interpreting 
the nature of continental crust particularly during Archean and 
Proterozoic time. 
6. The implications of these data for evolutionary trends of early 
crust in northern part of Indian shield and also the changing 
conditions of climate through geological times. 
Present work is first attempt to carryout a detailed geochemical 
investigation of clastic sedimentary rocks of Aravalli craton ranging in 
age from Mesoproterozoic to late Paleoproterozoic/ Mesoproterozoic. 
Although, information on geology, geochronology, mineralization and 
stratigraphic positions of different rock formations are available in 
literature (Dasgupta, 1964, 1968; Choudhary et al., 1984; Gupta et al, 
1998; Gupta and Guha, 1998; Kaur et al., 2006, 2007), these rocks have 
never been studied for their geochemical aspects. 
The work is presented in eight Chapters: 
Chapter 1: deals with the general geological set-up of Aravalli cratonic 
block and stratigraphy of Khetri Copper Belt of north Delhi fold belt. 
Chapter 2: contains details of petrographical study carried out on 
quartzite (meta-arenite) of Khetri Belt. 
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Chapter 3: Describes the procedure adopted in sampling, sample 
preparation and techniques used for geochemical analysis of different 
sedimentary sequences. 
Chapter 4: contains results of geochemical analyses and detailed 
discussion on geochemical characteristics of quartzite and pelites of 
Khetri Copper Belt in terms of major, trace and rare earth elements. 
Chapter 5: present discussion on geochemical data of Khetri belt clastic 
rocks and relevant interpretations regarding paleoweathering and 
paleoclimatic conditions. 
Chapter 6: deals with provenance characterization including source 
modeling and tectonic setting of Khetri sedimentary sequence using 
geochemical data. 
Chapter 7: presents the geochemical data of underlying Naharmagra 
quartzite (~ 2800) and overlying Lower Vindhyan sandstones (-1600). 
Chapter 8: The summary and conclusions are presented in the last 
chapter. 
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CHAPTER 1 
GENERAL GEOLOGY OF ARAVALLI CRATONIC 
BLOCK AND STRATIGRAPHY OF KHETRI COPPER 
BELT 
Chapter 1 H 
1.1. REGIONAL GEOLOGY OF ARAVALLI MOUNTAIN BELT 
The northwestern part of Indian shield is marked by a NNE-SSW 
trending prominent physiographic feature popularly known as Aravalli 
mountain range or Aravalli - Delhi fold belt (ADFB). This mountain belt 
is exposed like a horst and preserves diverse geological and tectonic 
events of almost entire Precambrian era. The ADFB spans for about 800 
km from Palanpur in north Gujarat to Delhi and adjoining parts of eastern 
plains in the Mewar region and parts of western plains in the Marwar 
region of Rajasthan state. The geological history of Aravalli craton 
evolved through a wide span of time ranging from >3000 Ma to about 
500 Ma (Gopalan et al., 1990; Roy and Jakhar, 2002 and references 
therein). This block of north Indian shield incorporates a wide variety of 
lithological and tectonic units representing the Archean basement block, 
Proterozoic fold belts of different generations, non-linear large 
sedimentary basins containing undeformed rocks of early late Proterozoic 
to Neoproterozoic age and end Proterozoic igneous suites. 
On the basis of tectono-lithological characteristics the region may 
be divided into following domains (Deb and Sarkar, 1990). 
1. Banded Gneissic Complex (BGC) basement 
2. Udaipur - Jharol belt 
3. Bhilwarabelt 
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4. South Delhi belt 
5. North Delhi beh 
6. Vindhyan basin 
1.11. BANDED GNEISSIC COMPLEX 
The gneissic - migmatitic rocks popularly known as BGC (Gupta, 
1934; Heron, 1953) have also been referred to as Mewar Gneissic 
Complex (Roy, 1988; Roy and Kroner, 1996). These rocks occupy large 
tracts in the Mewar plains of southern Rajasthan and in the northern 
plains of central Rajasthan. The BGC contains components as old as 
3281±3 Ma (Roy and Kroner, 1996) and 3307±65 Ma (Gopalan et al., 
1990). It also has younger granitoids dated at 2830 Ma (Tobisch et al., 
1994) and 2666±6, 2658±5, 2620±5, 2562+6 and 2440±8 Ma (Roy and 
Kroner, 1996; Wiedenbeck et al, 1996). In between these are records of 
Tonalite-Trondhjemite-Granodiorite (TTG) suites at about 3230 Ma and 
2887±5 Ma and mafic intrusion at 2828+6 Ma (Roy and Kroner, 1996; 
Gopalan et al., 1990). Portion of BGC, represented by Sandmata 
Complex have undergone granulite facies metamorphism that has been 
dated at 1720 Ma by U-Pb zircon method using LA-ICP-MS (Buick et al., 
2006). The BGC basement has stabilized at about 2500 Ga (Wiedenbeck 
et al., 1996). This gneissic complex served as basement on which the 
supracrustal cover rocks of Aravalli and Delhi Supergroups were 
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deposited with profound unconformity (Heron, 1953; Naha and 
Halyburton, 1974; Raja Rao, 1976; Sinha-Roy, 1986, 2000; Sinha-Roy et 
al., 1993). These rocks were designated as Mangalwar Complex (MC) 
and Sandmata Complex (SMC) by Gupta et al. (1997) and included under 
the Bhilwara Supergroup of Archean age. The question of whether to 
recognize a supracrustal sequence older than that of Aravalli Supergroup 
or not, has created considerable problem in the past. Raja Rao (1970, 
1976) and Raja Rao et al. (1971) suggested that metasedimentary rocks 
occurring around Bhilwara in the eastern part of the terrain are older than 
the Aravalli Supergroup of type area around Udaipur city and named 
them as Bhilwara Supergroup. Later this conception was supported by 
Gupta et al. (1981) mainly based on relationship of these 
metasedimentary rocks with 2610 Ma (Sivaraman and Odom, 1982) old 
Berach Granite. These author maintained that these rocks in Hindoli belt 
were intruded by 2600 Ma old Berach Granite and therefore were of 
Archean age. These rocks were included in Hindoli Group of Bhilwara 
Supergroup. Other metasedimentary sequences occurring towards west 
around Jahazpur and Bhilwara were also correlated with Hindoli Group 
under the Bhilwara Supergroup. However, Bose and Sharma (1992) 
pointed out that what appears to be an intrusive relationship is actually 
the result of marginal mobilization of Berach Granite during later tectonic 
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events. Therefore, these authors considered the Hindoli and other rock 
sequences of Bhilwara beh as equivalent of type Aravalli sequence of 
Paleoproterozoic age. 
The BGC basement consists of gneisses, granitoids, amphibolites 
and metasediments. The biotite gneisses are the most extensively 
developed lithological component of the BGC followed by granitoids. 
The latter two types are minor components occurring as enclaves of 
variable sizes. Sinha-Roy (1985) suggested that these enclaves represent 
vestiges of a dismembered greenstone sequence. The stratigraphic sub-
division of this greenstone sequence into two groups has been proposed 
(Sinha-Roy et al., 1992; Mohanty and Guha, 1995). These groups are 
older Sawadri Group containing amphibolite, chert and tuff and younger 
Tanwan Group consisting Fe-rich tholeiite, fuchsite quartzite, greywacke 
and carbonate rock. 
1.111. TTG Gneisses: Biotite gneisses are typically grey coloured 
characteristically showing prominent gneissic banding. On normative Ab-
An-Or diagram these gneisses are tonalite-trondhjemite and granodiorite. 
Because of this these gneisses are described as TTG gneisses (Roy and 
Jakhar, 2002). The TTG gneisses from Jhamarkotra and Mavli areas have 
yielded a Sm/Nd isochrone age of 3307165 Ma (Gopalan et al, 1990). 
The antiquity of these gneisses from Jhamarkotra region is also confirmed 
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by the single zircon ion microprobe age of 3281 ±3 Ma (Wiedenbeck and 
Goswami, 1994) and single zircon evaporation age of about 3230 Ma 
(Roy and Kroner, 1996). The presence of biotite gneisses of different 
ages is indicated by single zircon evaporation age of 2887±5 Ma of the 
TTG from Jagat area south east of Udaipur city (Roy and Kroner, 1996). 
1.112. Granites: The second largest occurring constituent of BGC is a 
number of late Archean granitoids which occur either within the cratonic 
blocks or as separate bodies of granitic inliers surrounded by supracrustal 
covers. Two large bodies of granite within the gneissic complex are 
Untala Granite and Gingla Granite. The major bodies of granite inliers are 
the Berach Granite near Chittorgarh and Ahar-river Granite near Udaipur 
(Fig. 1.2). 
1.113. Amphibolites: The amphibolites of BGC have been divided into 
following three types on the basis of petrographic characteristics. 
Type 1: Amphibolites occurring as small enclaves of irregular shape and 
sizes with in biolite gneisses and granitoids. 
Type 2: Large, relatively linear bodies of amphibolites showing complex 
out crop pattern due to superimposed folding. At most of the places these 
mafic bodies are associated with quartzite referred to as Naharmagra 
quartzite in Mavli area (Roy et al., 2000). 
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Type 3: Actinolite bearing undeformed metabasalts cross cutting even 
the youngest (~ 2.5 Ga old) pink granite. These amphibolites are 
correlated with basal Aravalli volcanics. 
1.114. Metasediments (Naharmagra Quartzite): The metasediments 
present in the BGC basement include quartzite, marbles, calc-silicate 
rocks, ironstone formations and mica schists. Out of all these 
metasediments, only quartzite and marble occur as mappable units. Other 
types of metasediments are rare and if present, they are highly weathered. 
In Rakhiawal - Mavli area these quartzites, referred to as Naharmagra 
quartzite (Roy et al., 2000), are well developed and are intruded by about 
2828 Ma old amphibolite (Gopalan et al., 1990). Petrographically these 
quartzites are predominantly composed of 90% quartz, sericitic mica 
constituting the rest. Other minerals occur in minute amount and include 
feldspar, magnetite, rutile, apatite and zircon. The quartzites sometimes 
contain fuchsite which yields a typical greenish colour to these Archean 
quartzites. Occurrence of cross bedding attests their sedimentary origin. 
1.12. ARAVALLI SUPERGROUP SUPRACRUSTALS 
The volcano-sedimentary sequence, constituting the 
Paleoproterozoic Aravalli Supergroup, is developed in two adjoining 
basins (Fig. 1.2). First, a wedge shaped northward tapering area around 
Udaipur city referred to as Udaipur - Jharol belt and second, a V-shaped 
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basin tapering towards south around Bhilwara and referred to as Bhilwara 
belt. The Udaipur-Jharol belt represents two separate segments of a 
Paleoproterozoic coupled basin (Roy and Paliwal, 1981). The base of 
shallow water Udaipur basin is marked by locally developed thin 
polymictic conglomerate unit overlain by a sequence of quartzite and 
mafic and ultramafic volcanics rocks (Ahmad and Rajamani, 1991; Raza 
and Khan, 1993). Deb and Thorpe (2004), consider 2150 Ma the age of 
initial rifting of the BGC basement and eruption of the basal Aravalli 
volcanic sequence between 2075 and 2175 Ma. The Nd isotope data of 
Ahmad et al. (2008a) suggest an age of 2300-1800 Ma for the basal 
Aravalli volcanism. The deep water Jharol sub-basin contains 
interlayered mafic volcanics and quartzite at the basal part of the 
sequence. The upper part comprises a melange of phyllite, cherty 
quartzite, mafic-ultramafic suites and slices of ultramafic bodies 
indicating a tectonic emplacement. The assemblage is considered as both 
obducted tectonized ophiolite (Sinha-Roy, 1984; Sudgen et al., 1990) 
probably related to closure of Jharol oceanic / transifional basin (Abu 
Hamatteh et al., 1994; Ahmad et al, 2008b) or intrusive mass emplaced 
during Aravalli basin closing event (Roy, 2000). The boundary between 
shallow water and deep water assemblages is marked by a linear zone of 
ultramafic rocks known as the Rakhadev lineament. 
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Figure 1.3. Geological map of Aravalli Craton showing distribution of 
Aravalli - Delhi Supracrustal sequences, large sedimentary basins, and 
basement complex. The areas of sampling for the present study are shown 
as I - Khetri Belt, II - Archeans (Naharmagra quarzites) and III -
Vindhyans. ADFB = Aravalli Delhi Fold Belt, GBF = Great Boundary 
Fault, WMF = Western Margin Fault. 
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The Bhilwara belt contains a number of NE-SW trending linear 
sub-belts comprising volcanic - sedimentary sequences equivalent to the 
Aravalli Supergroup. This belt has been considered as Proterozoic 
aulacogen by Deb (1992) and as pull-apart basin by Sinha-Roy (1989). 
The stratified galena occurrences of this belt have yielded Pb-Pb model 
ages ranging from 1792 to 1813 Ma (Deb and Thorpe, 2004). 
1.13. DELHI SUPERGROUP SUPRACRUSTAL ROCKS 
The Delhi belt, as described by Heron (1953), is narrow near the 
centre (-10 km) and wide towards the two ends, being more than 200 km 
wide north of Ajmer (Fig. 1.3). It extends all along the length of Aravalli 
mountain belt. Heron (1953) divided the rocks of the Delhi belt into two 
units: the lower Alwar Series and the upper Ajabgarh series now referred 
to as groups. The Alwar Group is dominantly arenaceous and is 
represented by phyllites - schists, arkosic quartzite, amphibole quartzite, 
marble etc. The Ajabgarh Group is characteristically calcareous and 
argillaceous with a large amount of volcanic products. However, this 
simple classification of Delhi Supergroup has been questioned by various 
workers (Dasgupta, 1964; Sen, 1981). Furthermore, the rocks of Delhi 
belt to north and south of Ajmer show some marked differences such as 
in the volcanic / sediment ratio, nature of mafic / ultramafic rocks, base 
metal mineralization and related sulphur and lead isotopic ratios and ages 
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of granitic intrusions. In view of these differences the Delhi belt has been 
divided into two segments. First, that occurs to the south of Ajmer is 
distinguished as South Delhi Belt (SDB) and the second, that occurs to 
the north of Ajmer is described as North Delhi Belt (NDB) (Sinha-Roy, 
1998; Deb and Sarkar, 1990). However, certain workers claim continuity 
of Delhi Supergroup rocks from south to north on the basis of a 
continuous lithostratigraphy (Singh, 1988), similar structural history 
(Naha et al., 1984) and metamorphic patterns (Sharma, 1988). 
1.131. South Delhi Belt: The southern part of Delhi belt referred to as 
South Delhi belt extends from Abu Road in the south to just north of 
Ajmer. The belt contains carbonate facies rocks, mafic-ultramafic 
volcanics, and mafic plutonic rocks such as gabbro, and leucogabbro and 
felsic volcanites. The felsic plutonic rocks range in age from 850 Ma to 
750Ma (Gopalan, 1986). An ophiolitic association comprising pillowed 
basalts, layered gabbro, serpentenites, pyroxynite and sometimes sheeted 
dykes and andesites occurs as a linear zone along the entire length of 
South Delhi belt (Khan et al., 2005). 
The rocks of South Delhi belt are regionally metamorphosed upto 
amphibolite facies metamorphism (Sharma, 1988). However, in the 
northern parts of the belt, a green schist facies metamorphism is 
encountered for example around Ambaji - Deri and Basantgarh areas. 
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The SDB is characterized by presence of polymetallic sulphide ores 
which occur in Ambaji-Deri, Basantgarh - Pipela - Golia and Birantya 
areas. Tungsten mineralization related to post-Delhi granite is noted in 
the Degana, Balda and Phalwadi - Positara areas (Deb and Sarkar, 1990). 
Recently, Deb et al. (1989, 2001) showed that VMS type ores in 
south Delhi belt are about 1000 Ma terrain old in contrast to 1800 Ma age 
of deposits occurring in North Delhi belt. They further reported that the 
western margin of this belt is constituted by the vocano-sedimentary host 
rocks of these VMS deposits and named this 1000 Ma terrain the Ambaji 
- Sendra bek. The rest of the South Delhi belt occurring east of Ambaji -
Sendra belt is considered to be an age equivalent and possible extension 
of North Delhi belt toward south of Ajmer (Deb and Thorpe, 2004). 
1.312. North Delhi Belt; The northern part of Delhi belt, occurring to the 
north of Ajmer is constituted by three sedimentary sub-basins. These are 
from east to west: the Bayana sub-basin, the Alwar sub-basin and the 
Khetri sub-basin (Singh, 1988). The first two taper towards south whereas 
the third one appears to extend towards south into South Delhi belt. 
However, this idea is in debate (Roy and Jakhar, 2002 and references 
therein). These sub-basins developed as grabens in a gneissic basement 
and sedimentation was largely controlled by vertical tectonism. The 
volcano-sedimentary infills of these basins have been classified into 
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Alwar and Ajabgarh groups (Heron, 1953) in each basin. However, they 
bear differences in their stratigraphic development (Singh, 1982). The 
sedimentation in north Delhi belt commenced with carbonate shelf 
deposits in two isolated areas followed by coarse clastic sediments of 
Alwar Group (Singh, 1988). The Ajabgarh sedimentation took place in 
multi-lagoonal tidal flats, frequently interrupted by subageous volcanism. 
Studies on sedimentation in the Khetri area suggest a shallow marine 
(locally even evaporitic) environment (Dasgupta, 1978; Sarkar and 
Dasgupta, 1980). 
The reported ages of intrusive granitic plutons of North Delhi belt 
are from 1500 to 1700 Ma (Choudhary et al., 1984), 1710-1780 Ma (Biju-
Sekhar et al., 2002,2003), 1710-1765 Ma and 1660-1711 Ma (Kaur et al., 
2006, 2007). Recently, on the basis of their geochronological database, 
Deb and Thorpe (2004) have suggested that there was isochronous 
development of Aravalli, Bhilwara and NDFB sedimentary sequences at 
about 1800 Ma. Their interpretation is based on Pb-Pb model age 
mapping of galena from stratiform deposits in each of these belts. The 
North Delhi belt hosts several ore deposits, such as the Khetri copper 
deposits, the Saladipura pyrite - pyrrhotite deposits, the Kho-Dariba 
copper deposit and the Tosham tin prospect. 
Chapter 1 26 
1.14. VINDHYAN BASIN 
Like many other shields of the world, the Indian shield is 
characterized by the presence of several non-linear sedimentary basins of 
Proterozoic age collectively referred to as Purana Basins. These basins 
are thought to represent the infill of failed rifts that developed on 
Archean/Paleoproterozoic cratonic blocks (Ram et al., 1996; Choudhury 
et al., 2002). The largest among these is the Vindhyan basin of North 
Indian shield. Although resting on Bundelkhand block of Indian shield, 
the Vindhyan basin extends well upto the eastern edge of Aravalli block 
where its westernmost margin follow the NE-SW trending Great 
Boundary Fault Zone (Fig. 1.1). Along their western most limits near 
Chittorgarh the unmetamorphosed and mildly deformed rocks of 
Vindhyan Supergroup juxtapose the Archean Berach Granite and Aravalli 
equivalent vocano-sedimentary supracrustals, of Hindoli belt. 
In southeastern Rajasthan, the western margin of Vindhyan basin is 
marked by the presence of a volcanic-sedimentary succession referred to 
as Lower Vindhyan Group (Prasad, 1984; Raza et al., 2001). These rocks 
are considered equivalent to Semri Group of Son Valley occurring along 
southern margin of the basin. In the present area these rocks rest directly 
on Archean BGC basement. A detailed account of geology of Vindhyan 
rocks of Rajasthan has been worked out by Prasad (1984), who proposed 
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the following stratigraphic succession of Lower Vindhyan sequence of 
Southeastern Rajasthan: 
Upper Vindhyan Kaimur sandstone with conglomerate and shale 
(20-70 km) 
Unconformity 
Suket shale (120 m) 
Nimbahera limestone (100-150 m) 
Bari shale (45 m) 
Jiran sandstone (60-120m) 
Binota shale (250 m) 
Parli (Sawa) shale (70-75 m) 
Sawa sandstone (20-100 m) 
Bhagwanpura limestone (30-50 m) 
Khardeola sandstone (30-120 m) 
Khardeola shale (15-160 m) 
Kharmalia volcanics (40-100 m) 
Unconformity 
Banded Gneissic Complex (BGC) basement 
The rocks, except near the margin of the basin are predominantly 
undeformed and unmetamorphosed succession of sandstone, shales, 
carbonate, minor conglomerate and mafic volcanics. Although the 
initiation and duration of Vindhyan sedimentation has been a subject of 
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Speculation, there has been a general consensus in the past that the 
Vindhyan sediments deposited during the period from about 1400 to 550 
Ma (Misra, 1969; Crawford and Compston, 1970; Vinogradov et al., 
1964). However, recently published radiometric dates suggest the 
initiation of Vindhyan sedimentation at about 1600 Ma (Rb/Sr on 
glauconite, Kumar, 2001), 1630 Ma (U-Pb on zircon of tuffs, Ray et al, 
2002), 1628 Ma (U-Pb on zircon, Rasmussen et al., 2002) and 1601 Ma 
(Pb-Pb on limestone Ray et al., 2003). Therefore, the new radiometric 
data have now shifted backward, the time of initiation of Vindhyan 
sedimentation from the previously thought 1400 Ma to about 1600 Ma 
(Kumar, et al., 2003). 
1.2. GEOLOGY OF KHETRI COPPER BELT (KCB) 
The Khetri Copper Belt (KCB) is located at 170 Km south west of 
Delhi in the Northern Rajasthan, which extends over a strike length of 
about 80 Km. from Singhana (28° 06^  : 75° 04^ ) in the north to 
Raghunathgarh (27° 39': 75° 2T) in the south. It is regarded to extend 
further south into the South Delhi Fold Belt (SDFB) (Sychanthavong and 
Desai 1977; Roy et al., 1988; Singh, 1988). It is the western most part of 
NDFB. The general geology and the stratigraphy of the area have been 
described by many workers (Heron, 1923, 1925; Dasgupta, 1964, 1968, 
1974; Roychowdhury and Dasgupta, 1965a; Roychowdhury et al, 1968; 
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Ray, 1974). The rock types found in the area are chiefly sedimentary 
metamorphites comprising various types of schists, phyllites interlayered 
with massive quarzites, metagreywackes, marbles, calc-silicate rocks and 
amphibolites. Although, the stratigraphic relationships between various 
lithounits are not very much clear, the sequence is divided into Alwar 
(dominantly arenaceous) and Ajabgarh (argillaceous and calcareous) 
groups (Table 1.1). The contact between Alwar and Ajabgarh group rocks 
in the Khetri sub-basin is conformable. At places, a gradation from 
quartzite of Alwar Group to the schists of the Ajabgarh Group is 
noticeable inspite of the presence of local pebble beds at the contact. 
The rocks of both Alwar and Ajabgarh groups are disposed in NE -
SW trending large longitudinal folds. The rocks of older Alwar group are 
considered to be found in the cores of anticlines lying beneath the 
Ajabgarh rocks, which are dominantly arenaceous and consist of a thick 
pile of metasediments comprising various types of quartzites. The 
younger Ajabgarh group is composed of mica schist and phyllite 
containing andalusite ± staurolite, chlorite schist ± garnet and calc-silicate 
rocks with calcite and actinolite. The sulphide mineralization appears to 
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Table 1.1: Generalized lithostratigraphic succession of Khetri 
Copper Belt (after Roychowdhury et. al., 1968) 
;lhi Super 
Group 
Ajabgarh 
Group 
Alwar Group 
- Marble, Calc - gneiss 
amphibolites and amphibole 
quartzite 
- Massive quartzites 
- Schist rich in chlorite, biotite, 
garnet, staurolite, kyanite. 
sillimanite and andalusite. 
- Phyllites, Carbonaceous phyllite, 
phyllitic quartzites 
- Actinolite marble, amphibolite and 
amphibole quarzites, arkosic 
quarzites, quarzites and interclated 
Schists and phyllites. 
Basement not exposed 
be associated with Ajabgarh sequence (Ray, 1990; 1987). At places, these 
rocks are interlayer with amphibolite sheets which are considered to have 
been emplaced as sills (Roy Chowdhury and Dasgupta, 1965; Dasgupta, 
1968) or volcanic flows (Mehta et al., 2000) during the process of 
sedimentation. Raza et al, (2007) have suggested that they have been 
derived from the melts generated in the mantle segment overlying a 
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Figure 1.4: Generalized geological map of the Khetri Copper Belt after 
M. K. Roy Chowdhury and S. P. Das Gupta, 1964. 
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Proterozoic subduction zone. The Alwar quartzites comprising such 
lithotypes as arkosic quarzites, orthoquartzites and protoquarzites, contain 
various types of sedimentary structures such as ripple marks and current 
bedding. Such features are strikingly absent in most of the Ajabgarh 
quartzites. The pale cream coloured Alwar quartzites are gritty and in 
general coarse grained than the Ajabgarh quartzites which are white or 
grey and also fine grained and massive. The Ajabgarh rocks some times 
contain sericites lying flat along the bedding planes. At place the quartzite 
locally passes into mica schist. The Alwar Group is relatively free from 
the schistose rock except in the basal part where a schistose- phyllite 
horizon is noted. Locally, the Alwar quartzites pass into thin lenses and 
bands of schist and phyllites. 
Recent studies consider the supracrustal rocks of Khetri belt as 
Pre-Delhi in age (Chakraborti and Gupta, 1992). Deb and Sarkar (1990) 
considered the rocks of Khetri copper belt to be equivalent to Aravalli 
Supergroup. The radiometric age data of Deb and Thorpe (2004) confirm 
this interpretadon. Zircon from rhyodacite tuff of South Khetri belt has 
yielded U-Pb age of 1832 ± 3 Ma (Guerot, 1993). Recently, Gupta and 
Guha (1998) proposed revision in the stratigraphic succession of the 
rocks of the Khetri and Saladipura region. These authors have divided the 
Khetri belt into two parts i.e. North Khetri Belt (NKB) and South Khetri 
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Belt (SKB) occurring to the north and south of the Kantli Fault 
respectively, (Dasgupta et al., 1988). However, the exact nature of the 
relationship between the north and the south segments of the Khetri 
copper belt is not yet clear. 
The Khetri belt display two episodes of prograde regional 
metamorphism, reaching the andalusite - sillimanite facies in the north 
and transition to kyanite - sillimanite facies towards the south, and there 
is an eastward increase in the grade of metamorphism (Lai and Shukla, 
1975; Lai and Ackermand, 1981). Granitic activity in the Khetri copper 
belt is considered to have occurred during 1660 - 1780 Ma with a minor 
episode of granitic magmatism at about 1800 Ma (Choudhary et al., 1984; 
Biju Sekhar et al., 2002, 2003; Kaur et al, 2006,2007). 
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Plate 1.1: Field photographs A and B showing out crops of Archean 
Naharmagra quartzite near Rakhewal, Mavli area east of Udaipur 
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Plate 1.2: Field photographs showing out crops of Khetri Belt quartzite 
(A) with longitudinal ripple marks and pelites (B) with lamillar bedding 
near Kalot in North Khetri Belt. 
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Plate 1.3: Field photographs A and B, showing out crops of Khetri Belt 
quartzite (meta-arenite) with columnar bedding near Ponk in South Khetri 
Belt. 
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Plate 1.4: Field photograph showing out 
crop of Khetri Beh pelites (schist) near 
Kot in South Khetri Belt. 
Plate 1.5: Field photograph showing 
interlayered pelite and amphibolite rock 
of North Khetri Belt near Khetri town. 
".: utmnmr' "'^^ 'o»TE'f^T'5« w;-
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Plate 1.6; Field photograph showing asymmetrical ripple marks in Lower 
Vindhyan Sandstone 
Plate 1.7: Field photograph showing trough cross bedding in Lower Vindhyan 
Sandstone 
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Plate 1.8: Field photograph showing lamination in Lower Vindhyan 
Sandstone 
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CHAPTER 2 
PETROGRAPHY OF OUARZITE (META-ARENITES) 
OF KHETRI COPPER BELT 
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2.1. INTRODUCTION 
Mineralogical studies provide very important information 
pertaining to provenance of sandstone. Dickinson and co-workers have 
related detrital sandstone composition to major provenance types 
(Dickinson and Suczek, 1979; Dickinson et al., 1983). The detrital 
composition of sandstone is controlled by several factors. Sands of 
composite provenance can be described as mixture of quartzose sand 
from stable cratons, quartzofeldspathic sand from basement uplifts or arc 
plutons, feldspatholithic sand from arc volcanics and quartzolithic sands 
of several types from different kinds of recycled orogens that yield 
varying proportion of quartzose and lithic grains (Dickinson, 1985). 
Studies have revealed that their mineralogy is influenced by tectonic 
setting (Dickinson and Suczek, 1979; Ingersoll and Suczek, 1979; 
Dickinson, 1985 and Valloni, 1985), transport mechanism (Luchhi, 1985) 
and effect of climate (Basu, 1985; Suttner and Dutta, 1986 and Girty, 
1991). 
In the study of detrital composition of quartzite (meta-arenite) of 
Khetri Copper Belt (KCB), quantitative analysis of thin sections of 27 
samples which comprise 12 samples from Khetri Group of North Khetri 
Belt (NKB) and 15 samples from Shyamgarh Group of South Khetri Belt 
(SKB) collected from various locations has been undertaken. In the 
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sample collection diversity of lithologies and weathered or least 
weathered were the only criterions. The collected samples were subjected 
to microscopic screening in order to reject altered samples which 
apparently looked fresh. For modal composition about 300 grains were 
counted in each thin section. It was performed following Gazzi -
Dickinson method of point counting (Ingersoll et al., 1984) to maximize 
the information on possible source rocks. 
2.2. DETRITAL MINERAL COMPOSITION 
The detrital minerals comprising quartz, feldspar, rock fragments, 
and micas were analyzed. The average compositions of detrital minerals 
are as quartz 88.70%, feldspar 3.52%, mica 7.74% and rock fragments 
0.037% (Table 2.2). 
Quartz: Quartz is the most dominant mineral which contains 
monocrystalline and polycrystalline types. Monocrystalline quartz is 
predominant having average of 62.22%, whereas polycrystalline quartz, 
represented by recrystallized and stretched metamorphic quartz, averages 
of 26.48%) (Table 2.2). The metamorphic source of these polycrystalline 
quartz grains is indicated by the presence of strongly sutured 
intercrystalline boundaries, moderate to strong elongation, preferential 
crystallographic orientation and the occurrence of grains with finely 
crystalline polygonal sub-crystals. Cherts have been included in 
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polycrystalline quartz while strained quartz with high undulose extinction 
patterns are incorporated in monocrystalline quartz. 
Mica: Mica which is next abundant mineral after quartz mainly 
comprises muscovite and biotite and occurs as tiny flakes. However, in 
some samples the mica flakes show elongation along preferred directions. 
Their average percentage is 7.74%. (Table 2.2) 
Feldspar: Both altered and fresh varieties are present and are represented 
by plagioclase, orthoclase and microcline. Plagioclase is the dominant 
constituent followed by orthoclase and microcline. Plagioclase and 
orthoclase grain often show the effect of saussuritization. The average of 
feldspar contents is 3.52% of the detrital constituents (Table 2.2) 
Rock fragments: The rock fi-agment occurs only in one sample of 
Khetri Group. It makes up 0.81%) i.e. averages \% in that sample while in 
the total mode its percentage is 0.037%» (Table 2.2). The fi"agment is of 
sedimentary origin i.e. phyllite. 
2.3 PETROFACIES AND TECTONIC SETTING 
In accordance with Dickinson's (1985) scheme, the detrital modes 
of the sandstone, identified in thin section study, were recalculated to 100 
percent as the sum of Qt, Qm, Qp, F, P, K, L, Lt, Lv and Ls (Table 2.1 & 
2.2). 
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To understand the tectonic setting of the KCB meta-arenite, the 
petrofacies were plotted in standard triangular diagrams Qt-F-L and Qm-
F-Lt given by Dickinson (1985). The Qt-F-L diagram, emphasizing 
factors controlled by provenance, relief, weathering and transport 
mechanism, is based on total quartzose, feldpathic and lithic modes. In 
Qt-F-L ternary plot all petrofacies of Khetri Copper Belt lie in the field of 
Table 2.1: Explanation of recalculated Petrographic parameters of 
sandstone point counts (after Dickinson, 1985) 
A Quartzose Grains (Qt = Qm+Qp) 
B Feldspar Grains 
C Unstable Lithic 
Fragments 
D Total Lithic 
Fragments 
Qt = Total quartz grain 
Qm = Monocrystalline quartz grain 
Qp = Polycrystalline quartz grain 
F = (P+K) 
F = Total feldspar grain 
P = Plagioclase feldspar grain 
K = Potassium feldspar grain 
L = Lv+Ls 
Lv = Volcanic / metavolcanic lithic fragment 
Ls = Sedimentary/metasedimentary lithic fragment 
Lt = (L+Qp) 
Lc = Extra basinal detrital limeclasts (not included 
in L or Lt) 
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craton interior near Qt pole, arranged on or very near to Qt-F line (Fig. 
2.1 A). The main source for craton-derived quartzose sands are low-lying 
granitic and gneissic exposures, supplemented by recycling of associated 
flat-lying platform sediments. The sand either accumulated as platform 
succession deposit within craton interior or transported chiefly to passive 
continental margin (Dickinson, 1985). The origin of recrystallized 
metamorphic quartz can be traced to recrystallized meta-quartzarenite and 
gneissic rocks. The feldspar (microcline, orthoclase) originated mainly 
from granite and gneisses and plagioclase feldspar is contributed from 
volcanic sources. 
For Qm-F-Lt ternary plot the Qp is taken out of Qt and is merged 
with lithics (L) to form Lt. In this diagram there is predictable shift from 
quartzose to transitional recycled orogen provenance compared to Qt-F-L 
plot (Fig. 2.1 A). All the petrofacies of SKB plot in transitional 
continental block provenance and in craton interior towards Qm apex 
(Fig. 2.IB) showing absence or little content of polycrystalline quartz. 
However, the samples of NKB show linear gradation from quartzose 
recycled orogen to transitional recycled orogen provenance as all the 
petrofacies lie on or near the Qm-Lt axis, indicating significant amount of 
polycrystalline quartz. The three vital aspects of the KCB meta-arenites 
i.e. high proportion of polycrystalline quartz, general absence of feldspar 
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and degree of textural maturity need to be critically examined in order to 
evaluate the influence of various factors especially Paleoclimate on the 
sandstone composition. The highly quartzose nature of the meta-arenite is 
I ' 
generally attributed to humid tropical Paleoclimate and elimination of 
feldspar during diagenesis (Dickinson, 1985). The presence of high 
percentage of mica after quartz suggests that sand is derived from 
metamorphic source which indicates mature detritus of a truly stable 
platform succession. The overall analysis of petrofacies data suggests that 
the sediments of the KCB were derived from relatively low - lying 
granitoid and gneissic sources, supplemented by recycled sands from 
associated pre-existing sediments of Archean age. However, such 
Archean sequences are meager in Archean basement complex. 
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Craton Interior, 
Transitional Continental 
O NKB Meta-arenite 
D SKB Meta-arenite 
Transitional Continental 
Quartzose Recycled 
Transitional Recycled 
Lithic Recycled 
Fig. 2.1: Tectono-Provenance discriminating diagrams (Dickinson, 1985) 
for the Khetri Copper Belt. Qt-F-L (A) and Qm-F-Lt (B) diagrams, 
representing the petrofacies of KCB are derived from craton interior and 
recycled orogen provenance. 
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Table 2.2: Framework mode of KCB Quartzite (meta-arenites) based on 
Dickinson (1985) scheme 
Sample No. 
KC-1 
PO-4 
KH-6 
KA-2 
U-2 
KC-3 
SH-1 
KA-5 
PO-2 
CH-2 
KH-3 
KC-2 
PO-1 
Ba-1 
U-1 
Kh-9 
Ba-4 
Kh-12 
Ka-6 
Gurha-1 
Gurha-3 
Ch-3 
Ch-5 
KC-4 
KC-5 
Rg-3 
CHP 
Qt 
95 
88 
100 
95 
95 
83 
94 
91 
83 
83 
81 
96 
100 
75 
85 
100 
78 
85 
89 
84 
86 
88 
88 
84 
93 
86 
90 
F 
1 
9 
0 
0 
5 
5 
0 
0 
13 
0 
15 
0 
0 
2 
0 
0 
2 
13 
0 
11 
9 
0 
2 
6 
2 
0 
0 
L 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Qm 
72 
70 
52 
27 
13 
25 
78 
57 
71 
65 
70 
79 
90 
71 
62 
54 
75 
72 
58 
72 
70 
68 
72 
27 
76 
65 
69 
F 
1 
9 
0 
0 
5 
5 
0 
0 
13 
0 
15 
0 
0 
2 
0 
0 
2 
13 
0 
11 
9 
0 
2 
6 
2 
0 
0 
Lt 
23 
18 
48 
68 
82 
58 
16 
34 
12 
18 
12 
17 
10 
4 
23 
46 
3 
13 
31 
12 
16 
20 
16 
57 
17 
21 
21 
Average 88.7037 3.518519 0.037037 62.22222 3.518519 26.51852 
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CHAPTER - 3 
SAMPLING PROCEDURES AND ANALYTICAL 
TECHNIQUES FOR GEOCHEMICAL ANALYSIS 
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3.1. INTRODUCTION 
The present work is the first attempt to carry out a detailed 
geochemical study particularly of early Proterozoic metasedimentary 
rocks of Khetri Fold Belt and also the underlying Archean metasediments 
and younger late Paleoproterozoic / Mesoproterozoic Lower Vindhyan 
sediments. 
One of the major aims of present study was to generate high 
quality geochemical database on these Precambrian clastic sedimentary 
rocks. In the present chapter the procedure adopted for collection of 
samples and techniques used for their geochemical analysis are 
summarized. 
3.2. SAMPLING 
More than 100 fresh homogenerous rocks samples representative of 
various formations were collected considering no visible evidence of 
veining or open system behaviour from quarries, road cutting, contact 
zones and natural outcrops. Samples for thin section petrographic studies 
of quartzite/meta-arenite of Khetri belt were collected from out crops 
devoid of secondary silicified surfaces. Weathered surfaces were avoided. 
While collecting samples, it was emphasized to collect representative 
samples from different parts of whole strike length as well as sampling of 
'[r 
vertical columns with an area to get better provenance signals. 
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3.3 SAMPLE PREPARATION AND ANALYTICAL TECHNIQUES 
Fresh chips of 49 rock sample out of 100 rock samples were 
powdered to -200 mesh using TEMA swing mill maintaining the 
homogeneity and representativeness of the samples. To avoid 
contamination, samples were ground in a Silica Pulveriser. Geochemical 
analyses was performed using (1) standard XRF techniques, analyzed by 
Wave Length Dispersive XRF system (Siemens SRS-3000) for major and 
some trace elements analysis and (2) Inductively Coupled Plasma-Mass 
Spectrometry (ICP-MS) for trace elements and REE analysis at Wadia 
Institute of Himalayan Geology (WIHG), Dehra Dun. Lucas-Tooth and 
Pyne (1964) procedure was followed during the analysis. 
3.31 X-Ray Fluorescence Spectrometry 
Major elements and few trace elements were determined using the 
X-Ray fluorescence Spectrometer (Siemens SRS-3000). 
Sample Preparation: Collapsible aluminium cups were filled with 9gm of 
boric acid that acts as a binding material. Powdered samples were roasted 
at 1000°C for about 14 hr. approximately 0.6 gm of -200 mesh 
homogenized sample of each roasted powder was sprayed upon it by 
uniformly covering the boric acid. Then about 15 tons of pressure was 
applied using press (H/lOO) to obtain 40 mm diameter pellets. 
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Instrument: Siemens SRS-3000 microprocessor controlled wavelength 
dispersive, sequential X-ray fluorescence (END WINDOW Rh X - Ray 
Tube) spectrometer with 20/40 KV and 55/60 KV generators was used 
for analysis of major oxides and trace elements concentration 
respectively. No filter was used in between the path (Vacuum) of sample 
and detector. The system is interfaced to an online PC for preparing 
calibration curves relating the concentration and intensity levels in 
number of international standards (such as SCOl, SGRl, GXR2, GSD9, 
MB-H) Govindaraju, (1994) along with the samples monitored the quality 
of the analysis. The nominal analysis time for all major oxides is 300 sec. 
and 100 sec. per trace element. All the major oxides concentrations are in 
wt%. Fe as Fe203(total), trace elements concentrations are in ppm. 
Precision for the major oxides was always better than 1.5%, for P2O5, 
MnO and trace elements it was better than 5% (Ahmad et al., 1996) and 
the average precision was better than 2.0% (Saini et al., 1998). 
3.32, Inductively Coupled Plasma-Mass Spectrometer: 
The REE analyses were carried out on Inductively Coupled 
Plasma-Mass Spectrometry (ICP-MS; Perkin Elmer). 
Sample Preparation: 0.04 gm. of the sample was taken in a Teflon beaker 
to which 7 ml. of HP (48%) and 3 ml. of cone. HNO3 was added to 
standard acid digestion with HF-HN03. This mixture was digested by 
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keeping the beaker over hot plate. After complete digestion confirmed, 
the 10 ml. of HN03 of 1:1 concentration was added and kept it again on 
hot plate till to a clear solution was obtained. When the solution was 
cooled down, the clear solution was then treated with IN HN03 and 
volume was made to 100ml. with double distilled water, then obtained 
solution was ready for analysis. The accuracy and precision is 1-3% for 
major oxides, and 5-10% for trace and REE (Ahmad et al., 1996; Saini et 
al., 2000). 
Instrument: ICP-Mass Spectrometer, Model ELAN DRC II (Perkin-
Elmer Science Instrument, US) was used. The instrument is equipped 
with the state-of-the-art features such as Dynamic Reaction cell (DRC) 
and other technical advancements leading to extremely low background, 
better sensitivity and precision. The detection limits for most of the 
elements are in Pg/ml (ppt) and fg/ml (ppq) level. The system was 
optimized for minimum intensity (-40,000 counts/sec) across the mass 
range 1 mg/ml solution of Mg, Rh, In, Ba, Ce, Pb and U. The precision of 
REE and Trace element data is better than 10% RSD with comparable 
accuracies. 
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CHAPTER 4 
GEOCHEMICAL CHARACTERIZATION OF CLASTIC 
SEDIMENTARY ROCKS OF KHETRI COPPER BELT 
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4.1. GEOCHEMICAL DATA \ ? / ^ — " ^ $ ^ 
In this chapter, the geochemical data of clastic sedimentary 
components of Khetri Copper Belt (KCB) comprising pelites (schists) 
and quartzites (meta-arenites) are presented and discussed. Geochemical 
data comprising major, trace and rare earth elements of 23 samples of 
pelites and 10 samples of quartzites from various locations of KCB are 
presented in table 4.1 and 4.2 respectively. Among these, 10 samples of 
pelites and 4 samples of quartzite are from northern part of Khetri belt 
(NKB) and 13 samples of pelites and 6 samples of quartzite are from 
southern part of belt (SKB). 
4.2. ELEMENT MOBILITY 
Because most of the rocks under study have undergone upto 
amphibolite facies metamorphism, it was a matter of concern right from 
the beginning of this study, that some or many of the major and trace 
elements may have been variably remobilized (Taylor and McLennan, 
1985; Tamey and Weaver, 1987; Tran et al., 2003; Payne et al., 2006; 
Barovich and Patchett, 1992; Rollinson, 1993; Pearce, 1996). The 
alteration of original composition, if any, would obviously reduce the 
effectiveness of the geochemical parameters. Many elements in 
metamorphic rocks mobilized by interaction with fluids and to a lesser 
extent, by solid state diffusion and melt generation (Rollinson, 1993). 
Chapter 4 56 
However, the effectiveness of solid state diffusion of elements within the 
rock is considered negligible (Rollinson, 1993). Therefore, the main 
concern is fluid controlled mobility. However, the degree of mobility 
during high grade metamorphism is controversial. It is generally agreed 
that major changes in composition of sedimentary rocks can occur even 
before the onset of granulite facies metamorphism (e.g. Taylor and 
McLennan, 1985). However, some studies have suggested that element 
mobility in high grade rocks is insignificant (Ferry, 1983; Roser and 
Korsch, 1986; Passchier et al, 1990). For example, it was observed that 
KiO/NaiO ratios are generally undisturbed even during high grade 
metamorphism (e.g. Ferry, 1983; Roser and Korsch, 1986). These 
authors, therefore, suggested that K20/Na20 ration in combination with 
trace element data can be used as a powerful tool for discrimination of 
provenance and tectonic setting of sedimentary sequences. 
In recent years, various studies have shown that REEs, HFSEs and 
even transition elements are not generally affected even beyond 
amphibolite facies metamorphism (McLennan and Taylor, 1982; 
Barovich and Patchet, 1992; Crichton and Condie, 1993; Payne et al., 
2006). However, large ion lithopile elements (LILE) are accepted as 
being variably mobile during metamorphism. The elements Rb, Sr and Ba 
are highly mobile during secondary processes (Nesbitt et al., 1980), thus 
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the abundance of these elements in the sedimentary rocks do not always 
represent the composition of their source rock. Th is considered immobile 
during sedimentation and weathering has very low residence time in sea 
water (McLennan and Taylor, 1980). 
Many authors have suggested the use of immobile or relatively 
immobile elements as discriminant tool (Cann, 1970; McLennan, 1989; 
Rollinson, 1993; Taylor and McLennan, 1985). These elements include 
AI2O3, Ti02, HFSEs such as Zr, Y, Nb, Hf, Ta and Ga, transitional 
elements such as Sc, Ni, and V. The REEs are considered to be relatively 
immobile during chemical weathering and diagenesis (Nesbitt, 1979; 
Humphris, 1984) such that provenance informations may not be lost even 
after considerable alteration of framework grains (Johnsson, 1993). For 
these reasons, selected major, minor and trace elements are increasingly 
being employed as tool in igneous discrimination and sedimentary 
provenance characterization studies. 
Although all the elements are used in the present study for 
geochemical characterization of metasediments, more weightage is given 
to immobile elements. Our interpretations and conclusion regarding 
provenance and tectonic setting heavily rely on immobile or less mobile 
trace elements. 
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4.3. GENERAL GEOCHEMICAL CHARACTERISTICS OF 
PELITIC ROCKS OF KHETRI BELT 
4.31. MAJOR ELEMENTS 
The pelites of Khetri copper belt show a large variation in their 
Si02 contents with a range of variation from 49.23 to 79.87% and average 
62.48%. The average of Si02 contents of these pelites are similar to that 
of average Proterozoic shales (APS = 63.1%)) of Condie (1993). 
However, the averages of AI2O3 contents of these pelites (15.91%), range 
0.53 to 23.56%) are slightly lower than that of APS (17.5%). The Khetri 
belt pelites display large variation in their Na20 (0.02 to 5.64%o), K2O 
(0.25 to 7.41%), CaO (0.006 to 0.98%) and MgO (0.50 to 5.49%) 
contents. The average value of Na20 (1.57%o) is higher than that of APS 
(1.06%), whereas their average CaO content (0.39%) is lower and that of 
MgO (2.40%) is similar to those of APS (CaO = 0.71%, MgO = 2.2%). 
The KCB sediments define a linear trend on Si02-Al203 graph (r = 0.78; 
Fig. 4.1) with pelites containing less than %0% Si02 and about more than 
10%o AI2O3. Quartzites define other extremity of the graph containing 72-
97% Si02 (avg. 86.63%) and 1-12% AI2O3 (avg. 4.04%) contents. 
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Table 4.1: Geochemical composition of Pelites of Khetri Copper Belt 
Sample 
No. 
Si02 
TiOz 
AI2O3 
FezOs 
MnO 
MgO 
CaO 
NaaO 
K2O 
P2O5 
CM1 
79.87 
0.54 
9.06 
2.35 
0.06 
0.57 
0.32 
3.41 
2.25 
0.11 
CMS 
65.48 
0.54 
10.99 
10.44 
0.09 
5.50 
0.51 
2.10 
0.27 
0.07 
CM4 
66.45 
0.55 
10.75 
10.68 
0.13 
4.72 
0.94 
3.82 
0.13 
0.06 
KA1 
70.10 
0.55 
14.02 
1.29 
0.00 
0.71 
0.13 
0.03 
4.26 
0.02 
KA3 
51.70 
0.77 
22.24 
12.22 
0.06 
4.96 
0.41 
0.19 
7.41 
0.02 
KA4 
55.62 
0.63 
19.99 
6.59 
0.03 
2.36 
<0.01 
0.53 
5.30 
0.06 
KH1 
51.82 
0.72 
23.20 
6.11 
0.07 
2.05 
<0.01 
0.65 
6.12 
0.05 
KH2 
50.14 
0.75 
20.92 
9.52 
0.06 
3.09 
<0.01 
0.56 
4.57 
0.04 
KH5 
49.23 
0.71 
22.52 
9.41 
0.08 
2.97 
0.09 
0.67 
5.31 
0.06 
KH6 
52.51 
0.69 
23.56 
6.36 
0.07 
2.02 
0.09 
0.63 
7.13 
0.13 
9.18 
63.47 
190.31 
12.44 
22.47 
23.72 
14.67 
10.64 
98.11 
12.77 
206.38 
15.14 
1.19 
7.45 
23.61 
154.48 
11.33 
31.85 
42.69 
3.39 
13.14 
2.88 
0.62 
2.29 
0.40 
2.17 
0.41 
1.22 
0.18 
1.07 
0.18 
17.19 
81.05 
190.48 
14.65 
21.77 
1050.51 
27.85 
23.80 
18.83 
54.44 
365.81 
11.75 
2.09 
7.65 
24.75 
212.10 
8.81 
83.54 
177.55 
20.68 
88.48 
15.90 
3.28 
10.94 
1.45 
6.00 
0.95 
2.50 
0.32 
1.93 
0.31 
20.83 
71.51 
159.71 
15.26 
21.59 
1325.79 
27.48 
21.32 
12.54 
61.82 
224.02 
10.08 
4.25 
7.40 
30.47 
209.16 
8.69 
62.33 
140.36 
18.67 
90.54 
15.59 
3.47 
10.69 
1.51 
7.27 
1.28 
3.80 
0.52 
3.16 
0.51 
18.35 
581.01 
239.83 
19.55 
7.26 
234.05 
9.81 
24.02 
122.91 
21.51 
273.69 
19.51 
5.22 
8.80 
56.87 
126.07 
24.48 
4.27 
7.78 
0.85 
3.69 
1.20 
0.38 
2.23 
0.65 
5.00 
1.18 
3.63 
0.53 
3.16 
0.49 
37.04 
221.55 
181.06 
22.44 
57.31 
37.93 
82.78 
27.97 
361.33 
50.54 
260.05 
22.42 
3.47 
16.93 
36.30 
248.28 
15.07 
59.16 
133.61 
16.41 
66.11 
12.71 
2.42 
9.12 
1.43 
7.87 
1.45 
4.41 
0.61 
3.68 
0.60 
16.97 
113.99 
242.98 
21.62 
51.88 
70.20 
34.95 
18.71 
188.92 
43.70 
292.68 
15.93 
2.67 
12.34 
26.36 
101.13 
9.56 
56.45 
92.04 
9.35 
36.17 
7.55 
1.46 
5.34 
0.86 
4.28 
0.76 
2.08 
0.27 
1.69 
0.27 
17.79 
219.74 
300.62 
20.29 
62.06 
74.27 
1043.77 
44.70 
122.99 
15.12 
466.93 
14.18 
2.91 
106.41 
20.37 
86.61 
11.18 
31.27 
42.54 
6.50 
26.51 
5.68 
1.19 
4.38 
0.71 
3.46 
0.61 
1.64 
0.22 
1.38 
0.20 
22.31 
190.74 
294.22 
28.78 
87.81 
85.09 
139.75 
26.45 
171.88 
18.32 
419.50 
13.03 
3.19 
65.20 
28.83 
87.31 
12.14 
32.89 
57.70 
6.96 
28.18 
5.62 
1.27 
4.24 
0.68 
3.78 
0.71 
2.09 
0.30 
1.78 
0.28 
22.94 
188.15 
249.69 
22.64 
70.35 
38.70 
343.76 
30.05 
146.53 
18.89 
420.67 
11.93 
4.00 
57.06 
31.48 
85.50 
11.91 
47.34 
86.68 
9.65 
38.51 
7.58 
1.44 
5.63 
0.98 
5.35 
1.08 
3.28 
0.47 
2.82 
0.43 
21.77 
142.81 
239.75 
29.09 
57.78 
887.32 
165.12 
26.31 
240.66 
21.61 
366.90 
14.18 
3.57 
68.43 
30.14 
88.57 
11.54 
28.42 
45.02 
6.34 
30.47 
7.78 
1.69 
6.69 
1.21 
6.64 
1.32 
3.81 
0.56 
3.47 
0.53 
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Table 4.1: (continued) 
Sample 
No. 
LaN 
CON 
PrN 
NdN 
SrriN 
EUN 
GdN 
TbN 
DYN 
HON 
ErN 
TrtiN 
YbN 
LUN 
Th/Sc 
Th/U 
La/Sc 
Cr/Th 
Zr/Sc 
Ti/Zr 
Sc/Th 
Co/Th 
Hf 
La/Th 
Rb/Sr 
KzO/NazO 
SiOa/AlzOj 
K2O/AI2O3 
lev 
Eu/Eu* 
(La/Sm) N 
(Gd/Yb)N 
{Lanrb)N 
CIA 
PIA 
CIW 
CM1 
134.41 
69.75 
35.69 
28.13 
18.81 
10.69 
11.14 
10.59 
8.56 
7.31 
7.37 
6.85 
6.26 
6.97 
1.65 
12.74 
3.47 
12.57 
16.82 
21.00 
0.61 
0.82 
3.96 
2.10 
7.68 
0.66 
8.82 
0.25 
1.04 
0.74 
7.15 
1.78 
21.45 
51.21 
59.41 
51.68 
CMS 
352.51 
290.11 
217.65 
189.46 
103.92 
56.60 
53.21 
38.77 
23.61 
16.80 
15.11 
12.45 
11.36 
12.05 
0.68 
5.64 
4.86 
16.21 
12.34 
15.11 
1.46 
1.25 
5.44 
7.11 
0.35 
0.13 
5.96 
0.02 
1.76 
0.76 
3.39 
4.68 
31.02 
70.17 
71.49 
70.94 
CM4 
262.99 
229.35 
196.47 
193.88 
101.90 
59.76 
52.01 
40.48 
28.64 
22.56 
22.98 
20.51 
18.57 
20.00 
0.48 
2.37 
2.99 
15.85 
10.04 
15.85 
2.07 
1.52 
5.36 
6.19 
0.20 
0.04 
6.18 
0.01 
1.94 
0.82 
2.58 
2.80 
14.16 
55.80 
56.22 
55.88 
KA1 
18.00 
12.71 
8.98 
7.90 
7.86 
6.57 
10.83 
17.33 
19.67 
20.85 
21.93 
20.90 
18.59 
19.37 
1.06 
3.74 
0.23 
12.29 
6.87 
26.22 
0.94 
1.00 
3.23 
0.22 
5.71 
142.03 
5.00 
0.30 
0.50 
0.71 
2.29 
0.58 
0.97 
74.14 
98.06 
97.14 
KA3 
249.62 
218.32 
172.77 
141.57 
83.08 
41.69 
44.36 
38.34 
30.97 
25.62 
26.63 
24.03 
21.65 
23.46 
0.61 
6.46 
1.60 
8.08 
6.70 
18.68 
1.65 
1.00 
6.37 
2.64 
7.15 
39.01 
2.32 
0.33 
1.17 
0.69 
3.00 
2.05 
11.53 
71.00 
95.43 
93.03 
KA4 
238.19 
150.39 
98.38 
77.46 
49.32 
25.16 
26.00 
23.02 
16.85 
13.37 
12.59 
10.72 
9.94 
10.75 
0.94 
5.96 
3.33 
15.25 
5.96 
37.31 
1.07 
1.36 
2.59 
3.54 
4.32 
10.06 
2.78 
0.27 
0.77 
0.70 
4.83 
2.62 
23.96 
75.11 
95.76 
94.15 
KH1 
131.96 
69.51 
68.42 
56.77 
37.10 
20.52 
21.32 
19.06 
13.63 
10.78 
9.93 
8.69 
8.13 
7.99 
0.80 
4.87 
1.76 
21.21 
4.87 
50.05 
1.26 
1.43 
2.22 
2.21 
8.13 
9.41 
2.23 
0.26 
0.67 
0.73 
3.56 
2.62 
16.23 
75.07 
95.55 
93.87 
KH2 
138.78 
94.28 
73.22 
60.34 
36.72 
21.81 
20.63 
18.29 
14.87 
12.53 
12.62 
11.66 
10.44 
11.06 
0.58 
4.09 
1.47 
22.59 
3.91 
51.48 
1.71 
2.21 
2.24 
2.52 
9.38 
8.10 
2.40 
0.22 
0.88 
0.79 
3.78 
1.98 
13.29 
78.04 
95.69 
94.44 
KH5 
199.75 
141.63 
101.57 
82.46 
49.54 
24.83 
27.40 
26.18 
21.05 
18.99 
19.79 
18.24 
16.59 
16.73 
0.52 
2.98 
2.06 
20.93 
3.73 
49.77 
1.92 
1.90 
2.19 
3.97 
7.76 
7.96 
2.19 
0.24 
0.85 
0.67 
4.03 
1.65 
12.04 
76.28 
94.73 
93.05 
KH6 
119.92 
73.56 
66.69 
65.24 
50.83 
29.14 
32.53 
32.41 
26.13 
23.27 
23.02 
21.96 
20.44 
20.71 
0.65 
3.97 
1.31 
16.91 
4.07 
46.80 
1.54 
2.05 
2.27 
2.00 
11.13 
11.28 
2.23 
0.30 
0.72 
0.72 
2.36 
1.59 
5.87 
72.51 
95.11 
92.89 
Major elements in oxide wt%, trace elements in ppm; total Fe as Fe203; 
<= below detection; Eu/Eu* = {EuN/(SmN*GdN) }; Hf values are 
calculated as Hf == Zr/39. LaN ^  Chondrite normalized 
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Table 4.1: (continued) 
Sample 
No 
SiOz 
TiOz 
AI2O3 
FezOs 
MnO 
MgO 
CaO 
NazO 
K2O 
P2O5 
Sc 
V 
Cr 
Co 
Ni 
Cu 
Zn 
Ga 
Rb 
Sr 
Ba 
Th 
U 
Pb 
Y 
Zr 
Nb 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
MA1 
56.22 
0.56 
12.48 
14.91 
0.07 
0.96 
0.51 
2.13 
4.01 
0.05 
6.57 
412.93 
193.22 
47.53 
136.88 
273.30 
18.81 
12.99 
89.30 
32.03 
252.24 
9.76 
2.41 
16.99 
25.61 
90.55 
7.70 
31.28 
61.07 
6.85 
27.90 
5.66 
1.00 
4.35 
0.69 
3.51 
0.72 
2.15 
0.31 
1.86 
0.29 
MAS 
55.98 
2.55 
13.06 
14.89 
0.19 
3.84 
0.81 
2.51 
1.96 
0.30 
40.52 
276.42 
205.21 
39.70 
10.26 
9.94 
166.17 
21.78 
60.96 
168.43 
379.83 
4.16 
1.42 
19.59 
41.82 
198.65 
15.09 
29.95 
63.24 
7.09 
31.40 
7.89 
1.93 
7.43 
1.37 
8.44 
1.71 
5.06 
0.72 
4.20 
0.65 
P01 
72.35 
0.58 
15.19 
3.00 
0.05 
0.50 
0.13 
0.03 
4.55 
0.01 
37.21 
55.66 
61.95 
30.41 
15.85 
7.28 
8.79 
18.97 
152.88 
14.00 
195.95 
20.41 
0.30 
3.56 
18.89 
442.36 
32.42 
18.34 
34.13 
3.55 
14.38 
2.89 
1.15 
2.35 
0.36 
2.02 
0.45 
1.34 
0.22 
1.52 
0.27 
P06 
62.71 
0.83 
19.33 
0.20 
<0.001 
1.77 
0.22 
0.02 
6.59 
0.03 
18.44 
451.83 
231.81 
6.03 
<4.80 
13.99 
10.67 
30.11 
166.31 
22.14 
806.32 
10.47 
6.07 
5.44 
21.62 
129.43 
17.73 
14.47 
29.16 
2.68 
10.59 
2.57 
0.66 
1.94 
0.41 
2.95 
0.71 
2.40 
0.40 
2.54 
0.41 
P05 
55.21 
1.00 
17.03 
12.41 
0.05 
3.54 
0.53 
0.03 
7.32 
0.16 
18.18 
140.73 
647.15 
28.01 
56.58 
10.68 
17.81 
24.02 
252.82 
9.56 
297.21 
15.03 
5.55 
1.77 
28.19 
225.89 
13.08 
12.28 
21.19 
2.16 
8.65 
1.63 
0.45 
1.38 
0.28 
1.85 
0.46 
1.53 
0.23 
1.50 
0.25 
K0T1 
72.61 
0.68 
10.89 
4.00 
0.04 
1.87 
0.99 
4.30 
1.54 
0.10 
10.22 
84.57 
99.42 
15.85 
28.17 
23.58 
16.12 
12.76 
83.44 
122.21 
279.41 
9.89 
1.75 
9.96 
20.48 
157.13 
11.11 
27.25 
48.34 
4.93 
19.05 
3.77 
0.90 
3.09 
0.51 
2.76 
0.55 
1.63 
0.23 
1.32 
0.20 
K0T2 
68.62 
0.60 
10.06 
8.66 
0.13 
3.41 
0.83 
1.23 
3.33 
0.07 
13.38 
82.45 
232.02 
23.75 
63.07 
38.94 
43.78 
15.81 
220.83 
73.46 
483.61 
39.85 
4.04 
25.48 
32.89 
153.29 
25.53 
26.27 
67.41 
4.91 
19.15 
4.77 
1.25 
4.19 
0.88 
5.99 
1.37 
4.57 
0.77 
4.45 
0.63 
K0T3 
70.23 
0.34 
13.44 
2.78 
0.06 
0.65 
0.91 
5.00 
3.24 
0.06 
34.86 
47.16 
198.00 
29.51 
10.04 
13.79 
41.19 
13.48 
76.12 
180.29 
921.24 
23.11 
1.98 
24.11 
23.95 
183.82 
12.73 
35.64 
68.26 
7.01 
28.32 
5.06 
1.06 
4.30 
0.72 
3.91 
0.79 
2.26 
0.34 
1.95 
0.29 
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Table 4.1: (continued) 
Sample 
No 
LaN 
CGN 
PrN 
NdN 
StTlN 
EUN 
GdN 
TbN 
DYN 
HON 
EFN 
TniN 
YbN 
LUN 
Th/Sc 
Th/U 
La/Sc 
Cr/Th 
Zr/Sc 
Ti/Zr 
Sc/Th 
Co/Th 
Hf 
La/Th 
Rb/Sr 
KZO/NBZO 
SiOa/A^Oa 
K2O/AI2O3 
ICV 
Eu/Eu* 
(La/Sm) N 
{Gd/Yb)N 
{Lanrb)N 
CIA 
PIA 
CIW 
MA1 
131.97 
99.78 
72.08 
59.74 
36.97 
17.24 
21.15 
18.37 
13.81 
12.65 
13.01 
12.02 
10.95 
11.22 
1.48 
4.05 
4.76 
19.80 
13.77 
36.87 
0.67 
4.87 
2.32 
3.21 
2.79 
1.88 
4.50 
0.32 
1.85 
0.62 
3.57 
1.93 
12.05 
58.71 
73.79 
64.73 
MAS 
126.38 
103.33 
74.60 
67.24 
51.57 
33.31 
36.15 
36.74 
33.22 
30.28 
30.59 
28.34 
24.69 
25.39 
0.10 
2.93 
0.74 
49.35 
4.90 
76.92 
9.75 
9.55 
5.09 
7.20 
0.36 
0.78 
4.29 
0.15 
2.03 
0.77 
2.45 
1.46 
5.12 
62.83 
69.97 
66.12 
P01 
77.37 
55.77 
37.35 
30.79 
18.89 
19.78 
11.42 
9.65 
7.96 
7.88 
8.11 
8.61 
8.93 
10.55 
0.55 
67.60 
0.49 
3.04 
11.89 
7.79 
1.82 
1.49 
11.34 
0.90 
10.92 
151.68 
4.76 
0.30 
0.58 
1.35 
4.10 
1.28 
8.66 
74.45 
97.31 
98.16 
P06 
61.04 
47.65 
28.19 
22.69 
16.76 
11.38 
9.42 
10.91 
11.62 
12.61 
14.49 
15.46 
14.93 
16.26 
0.57 
1.72 
0.78 
22.14 
7.02 
38.61 
1.76 
0.58 
3.32 
1.38 
7.51 
303.94 
3.24 
0.34 
0.50 
0.91 
3.64 
0.63 
4.09 
71.86 
96.53 
97.78 
P05 
51.83 
34.63 
22.71 
18.52 
10.63 
7.79 
6.69 
7.35 
7.26 
8.06 
9.23 
8.96 
8.81 
9.92 
0.83 
2.71 
0.68 
43.05 
12.43 
26.63 
1.21 
1.86 
5.79 
0.82 
26.45 
256.28 
3.24 
0.43 
1.46 
0.92 
4.88 
0.76 
5.89 
65.61 
90.07 
94.43 
K0T1 
114.98 
78.99 
51.89 
40.78 
24.62 
15.59 
15.02 
13.69 
10.87 
9.66 
9.84 
8.88 
7.75 
7.95 
0.97 
5.63 
2.67 
10.06 
15.38 
26.09 
1.03 
1.60 
4.03 
2.76 
0.68 
0.36 
6.67 
0.14 
1.23 
0.81 
4.67 
1.94 
14.83 
50.85 
55.13 
51.01 
K0T2 
110.84 
110.15 
51.72 
41.01 
31.19 
21.48 
20.40 
23.61 
23.59 
24.19 
27.58 
29.98 
26.20 
24.69 
2.98 
9.88 
1.96 
5.82 
11.45 
23.28 
0.34 
0.60 
3.93 
0.66 
3.01 
2.71 
6.82 
0.33 
1.79 
0.85 
3.55 
0.78 
4.23 
58.49 
73.99 
64.61 
K0T3 
150.39 
111.54 
73.80 
60.64 
33.08 
18.21 
20.91 
19.14 
15.39 
13.99 
13.68 
13.11 
11.44 
11.54 
0.66 
11.67 
1.02 
8.57 
5.27 
10.94 
1.51 
1.28 
4.71 
1.54 
0.42 
0.65 
5.23 
0.24 
0.96 
0.69 
4.55 
1.83 
13.14 
50.08 
50.10 
57.61 
Major elements in oxide wt%, trace elements in ppm; total Fe as FeaOs; 
<= below detection; Eu/Eu* = {EuN/(SmN*GdN)'^ ^}; Hf values are 
calculated as Hf = Zr/39.. LaN = Chondrite normalized 
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Table 4.1: (continued) 
Sample No. 
Si02 
TiOz 
AI2O3 
FezOj 
MnO 
MgO 
CaO 
NazO 
K2O 
P2O5 
Sc 
V 
Cr 
Co 
Ni 
Cu 
Zn 
Ga 
Rb 
Sr 
Ba 
Th 
U 
Pb 
Y 
Zr 
Nb 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
CH1 
77.03 
0.60 
10.14 
2.97 
0.03 
1.47 
0.72 
5.65 
1.69 
0.09 
23.26 
85.09 
206.64 
47.31 
28.56 
102.75 
15.67 
14.12 
7.20 
15.87 
239.99 
15.31 
<0.70 
4.69 
31.96 
176.97 
18.23 
55.12 
140.63 
17.14 
56.69 
9.88 
1.97 
7.14 
1.06 
5.23 
1.06 
3.13 
0.41 
2.40 
0.36 
GI1 
62.37 
0.65 
16.68 
5.50 
0.06 
3.27 
0.63 
1.25 
4.54 
0.13 
9.89 
81.38 
757.78 
17.36 
34.87 
8.32 
54.50 
19.18 
179.51 
78.99 
859.58 
11.75 
3.14 
6.41 
29.27 
170.72 
11.52 
57.64 
101.35 
9.99 
37.63 
6.57 
1.25 
4.92 
0.40 
3.72 
0.72 
2.26 
0.35 
2.12 
0.35 
GI3 
57.74 
0.68 
20.18 
7.19 
0.05 
2.59 
0.03 
0.60 
4.52 
0.05 
14.54 
185.30 
282.02 
25.87 
71.27 
28.42 
91.39 
20.36 
157.80 
19.63 
404.85 
14.26 
2.84 
71.27 
26.46 
84.27 
10.27 
62.65 
116.32 
12.06 
44.94 
8.37 
1.52 
6.10 
0.91 
4.41 
0.79 
2.27 
0.30 
1.78 
0.30 
RG2 
72.74 
0.66 
15.47 
2.28 
<0.01 
0.51 
0.14 
0.17 
4.62 
<0.00 
31.63 
76.58 
61.63 
21.37 
5.87 
<2.20 
11.67 
16.66 
149.63 
18.47 
813.35 
19.71 
3.10 
4.30 
7.96 
582.87 
25.43 
16.98 
32.50 
3.20 
12.32 
2.20 
0.66 
1.35 
0.15 
0.65 
0.13 
0.50 
0.09 
0.73 
0.16 
BA1 
62.89 
0.64 
18.91 
6.43 
0.04 
1.96 
0.11 
0.61 
5.81 
0.11 
17.87 
73.32 
298.32 
13.82 
35.04 
19.30 
15.36 
23.08 
239.78 
19.68 
574.90 
19.14 
2.94 
7.53 
25.96 
122.86 
18.56 
38.80 
73.83 
7.37 
28.75 
4.90 
1.05 
3.56 
0.42 
1.34 
0.16 
0.49 
0.06 
0.42 
0.08 
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Sample No. 
LaN 
CBN 
PrN 
NdN 
SniN 
EUN 
GdN 
TbN 
DYN 
HON 
ErN 
TniN 
YbN 
LUN 
Th/Sc 
Th/U 
La/Sc 
Cr/Th 
Zr/Sc 
Ti/Zr 
Sc/Th 
Co/Th 
Hf 
La/Th 
Rb/Sr 
KZO/NBZO 
SiOz/AbOs 
K2O/AI2O3 
ICV 
Eu/Eu* 
(La/Sm) N 
(Gd/Yb)N 
(Lanrb)N 
CIA 
PIA 
CIW 
CH1 
232.56 
229.78 
180.42 
121.39 
64.59 
34.02 
34.73 
28.37 
20.60 
18.71 
18.94 
15.93 
14.12 
14.09 
0.66 
21.87 
2.37 
13.50 
7.61 
20.19 
1.52 
3.09 
4.54 
3.60 
0.45 
0.30 
7.60 
0.17 
1.29 
0.72 
3.60 
2.46 
16.47 
44.90 
43.91 
48.86 
GI1 
243.20 
165.61 
105.18 
80.58 
42.97 
21.59 
23.96 
10.70 
14.66 
12.79 
13.67 
13.74 
12.49 
13.70 
1.19 
3.74 
5.83 
64.51 
17.27 
22.88 
0.84 
1.48 
4.38 
4.91 
2.27 
3.62 
3.74 
0.27 
0.95 
0.67 
5.66 
1.92 
19.47 
67.25 
78.58 
83.88 
GI3 
264.35 
190.07 
126.95 
96.23 
54.71 
26.14 
29.68 
24.41 
17.37 
13.99 
13.72 
11.86 
10.45 
11.69 
0.98 
5.03 
4.31 
19.78 
5.80 
48.12 
1.02 
1.81 
2.16 
4.39 
8.04 
7.52 
2.86 
0.22 
0.77 
0.65 
4.83 
2.84 
25.30 
77.26 
93.59 
95.07 
RG2 
71.65 
53.10 
33.66 
26.38 
14.38 
11.38 
6.56 
4.06 
2.57 
2.23 
3.01 
3.41 
4.29 
6.34 
0.62 
6.36 
0.54 
3.13 
18.42 
6.75 
1.61 
1.08 
14.95 
0.86 
8.10 
26.51 
4.70 
0.30 
0.54 
1.17 
4.98 
1.53 
16.71 
73.61 
95.05 
96.59 
BA1 
163.71 
120.63 
77.62 
61.55 
32.04 
18.02 
17.32 
11.23 
5.26 
2.74 
2.96 
2.47 
2.47 
3.03 
1.07 
6.52 
2.17 
15.59 
6.87 
31.03 
0.93 
0.72 
3.15 
2.03 
12.18 
9.59 
3.33 
0.31 
0.82 
0.76 
5.11 
7.01 
66.26 
71.64 
91.31 
94.03 
* Major elements in oxide wt%, trace elements in ppm; total Fe as FeaOs; 
<= below detection; Eu/Eu* = {EuN/(SmN*GdN)'^ ^}; Hf values are 
calculated as Hf = Zr/39.. Law = Chondrite normalized 
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Table 4.2: Geochemical composition of Quartzites Khetri Copper 
Belt 
Sample 
No. 
SiOz 
TiOz 
AI2O3 
FezOj 
MnO 
MgO 
CaO 
NajO 
K2O 
P2O5 
Sc 
V 
Cr 
Co 
Ni 
Cu 
Zn 
Ga 
Rb 
Sr 
Ba 
Th 
U 
Pb 
Y 
Zr 
Nb 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
KC1 
79.50 
0.06 
0.91 
20.52 
<0.01 
0.05 
0.14 
0.03 
0.02 
<0.01 
7.47 
105.21 
385.38 
150.00 
70.44 
71.16 
8.22 
6.83 
6.70 
11.71 
246.90 
<2.69 
5.04 
3.35 
4.86 
52.84 
2.90 
24.74 
45.16 
4.25 
15.30 
2.54 
0.64 
1.83 
0.22 
0.84 
0.13 
0.38 
0.05 
0.33 
0.06 
KC2 
86.44 
0.06 
6.46 
1.67 
<0.01 
0.04 
0.40 
3.62 
0.01 
0.08 
20.81 
16.65 
591.48 
52.88 
14.05 
308.32 
7.10 
5.35 
5.40 
28.22 
56.08 
11.75 
<0.19 
2.82 
9.33 
114.11 
5.58 
9.55 
16.60 
1.60 
6.10 
1.40 
0.43 
1.25 
0.21 
1.04 
0.19 
0.52 
0.07 
0.45 
0.08 
KA5 
92.36 
0.14 
2.71 
0.61 
<0.001 
0.04 
0.15 
0.06 
1.17 
0.02 
23.16 
23.94 
66.41 
149.30 
20.71 
31.14 
52.30 
4.17 
17.62 
19.65 
402.42 
<2.38 
1.80 
17.46 
11.03 
193.36 
10.38 
10.36 
20.20 
1.93 
7.55 
1.49 
0.39 
1.17 
0.20 
1.22 
0.26 
0.82 
0.13 
0.78 
0.13 
KH3 
72.22 
0.12 
0.53 
26.97 
0.02 
0.05 
0.14 
0.09 
<0.01 
0.00 
15.91 
131.69 
422.42 
200.00 
5.00 
129.96 
7.58 
10.48 
2.90 
10.62 
277.28 
<2.00 
6.20 
3.40 
4.11 
132.57 
3.10 
4.70 
7.90 
0.79 
3.19 
0.71 
0.18 
0.58 
0.10 
0.56 
0.11 
0.36 
0.06 
0.37 
0.07 
CHS 
86.04 
0.14 
4.60 
0.18 
<0.01 
0.15 
0.75 
0.14 
1.37 
0.03 
3.86 
82.46 
205.19 
16.80 
27.64 
33.82 
8.07 
5.14 
26.06 
48.66 
406.41 
<2.60 
<0.96 
9.41 
16.65 
28.20 
4.81 
7.49 
20.21 
1.90 
8.14 
2.13 
0.46 
2.10 
0.42 
2.55 
0.55 
1.69 
0.25 
1.52 
0.22 
CHS 
88.60 
0.24 
6.49 
1.42 
<0.01 
0.04 
0.09 
0.07 
2.00 
<0.01 
38.34 
27.69 
158.22 
24.16 
6.67 
5.90 
7.70 
8.66 
59.58 
15.38 
243.63 
8.38 
1.06 
4.47 
15.84 
171.95 
9.18 
26.14 
44.75 
4.94 
19.71 
3.65 
1.32 
2.48 
0.31 
1.28 
0.21 
0.62 
0.08 
0.49 
0.08 
SH1 
96.91 
0.24 
1.42 
0.72 
<0.01 
0.04 
0.10 
0.14 
0.78 
0.03 
24.90 
16.20 
374.50 
44.63 
9.49 
8.03 
4.41 
4.64 
13.72 
10.70 
127.87 
32.74 
1.40 
4.12 
14.40 
182.21 
8.57 
26.77 
55.20 
5.80 
22.77 
4.67 
0.84 
2.84 
0.39 
1.99 
0.36 
1.02 
0.14 
0.84 
0.13 
RG3 
84.76 
0.14 
7.44 
2.47 
<0.01 
0.04 
0.16 
0.09 
3.47 
0.07 
17.05 
22.11 
165.49 
25.90 
8.82 
7.87 
11.22 
8.96 
92.46 
28.23 
233.94 
18.31 
3.46 
5.92 
13.07 
124.29 
3.55 
23.53 
44.96 
4.99 
19.83 
3.70 
0.68 
2.76 
0.44 
2.12 
0.37 
0.98 
0.13 
0.73 
0.12 
BA3 
82.69 
0.21 
11.91 
0.85 
<0.001 
0.04 
0.15 
0.38 
2.87 
0.08 
13.26 
17.12 
232.62 
30.37 
2.26 
6.32 
5.67 
9.19 
56.54 
24.85 
119.34 
23.73 
1.69 
3.38 
7.92 
115.15 
9.17 
62.65 
116.32 
12.06 
44.94 
8.37 
1.52 
6.10 
0.91 
4.41 
0.79 
2.27 
0.30 
1.78 
0.30 
U2 
96.81 
0.02 
0.40 
3.30 
<0.01 
0.02 
0.12 
0.04 
0.01 
0.02 
19.17 
13.35 
266.57 
110.17 
58.24 
37.69 
7.56 
10.20 
5.50 
10.47 
97.07 
<1.30 
3.33 
3.61 
91.06 
1.99 
6.76 
8.44 
35.64 
2.98 
15.36 
6.14 
1.52 
9.88 
2.68 
18.53 
3.64 
10.07 
1.40 
7.19 
0.95 
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Table 4.2: (continued) 
Sample 
No. 
LaN 
CeN 
PrN 
NdN 
SITIN 
EUN 
GdN 
TbN 
DYN 
HON 
EfN 
TniN 
YbN 
LUN 
Th/Sc 
Th/U 
La/Sc 
Cr/Th 
Zr/Sc 
Ti/Zr 
Sc/Th 
Co/Th 
Hf 
La/Th 
Rb/Sr 
KzO/NajO 
Si02/Al203 
K2O/AI2O3 
ICV 
Eu/Eu* 
(La/Sm)N 
{Gd/Yb)N 
(Lanrb)N 
CIA 
CIW 
PIA 
KC1 
104.38 
73.79 
44.78 
32.76 
16.59 
10.97 
8.90 
5.86 
3.31 
2.24 
2.28 
1.88 
1.94 
2.17 
0.36 
0.53 
3.31 
143.49 
7.07 
6.96 
2.78 
55.85 
1.35 
9.21 
0.57 
0.67 
87.51 
0.02 
22.91 
0.90 
6.29 
4.60 
53.94 
74.03 
75.36 
74.91 
KC2 
40.31 
27.12 
16.87 
13.05 
9.15 
7.41 
6.06 
5.53 
4.07 
3.27 
3.14 
2.78 
2.67 
2.99 
0.56 
60.78 
0.46 
50.34 
5.48 
3.01 
1.77 
4.50 
2.93 
0.81 
0.19 
0.00 
13.38 
0.00 
0.90 
1.00 
4.41 
2.27 
15.09 
49.12 
49.16 
49.12 
KA5 
43.71 
33.01 
20.31 
16.17 
9.71 
6.78 
5.69 
5.21 
4.80 
4.54 
4.93 
5.09 
4.59 
5.20 
0.10 
1.32 
0.45 
27.85 
8.35 
4.34 
9.71 
62.61 
4.96 
4.34 
0.90 
19.50 
34.09 
0.43 
0.80 
0.91 
4.50 
1.24 
9.53 
62.37 
88.05 
79.68 
KH3 
19.85 
12.91 
8.33 
6.84 
4.64 
3.03 
2.81 
2.62 
2.20 
1.94 
2.16 
2.31 
2.15 
2.72 
0.13 
0.32 
0.30 
211.21 
8.33 
5.36 
7.95 
100.00 
3.40 
2.35 
0.27 
0.11 
137.00 
0.02 
51.93 
0.84 
4.28 
1.30 
9.22 
56.58 
57.24 
56.73 
CHS 
31.62 
33.03 
19.95 
17.42 
13.94 
7.91 
10.22 
11.12 
10.04 
9.73 
10.23 
9.59 
8.94 
8.78 
0.67 
2.70 
1.94 
79.00 
7.30 
28.93 
1.49 
6.47 
0.72 
2.88 
0.54 
9.74 
39.13 
0.62 
0.59 
0.66 
2.27 
1.14 
3.54 
59.92 
74.25 
66.15 
CHS 
110.30 
73.12 
51.98 
42.20 
23.84 
22.76 
12.06 
8.24 
5.05 
3.76 
3.75 
3.25 
2.91 
3.15 
0.22 
7.89 
0.68 
18.88 
4.48 
8.27 
4.58 
2.88 
4.41 
3.12 
3.87 
28.18 
13.65 
0.31 
0.60 
1.34 
4.63 
4.15 
37.96 
72.57 
93.85 
95.82 
SH1 
112.94 
90.20 
61.05 
48.75 
30.51 
14.45 
13.82 
10.48 
7.85 
6.33 
6.19 
5.64 
4.94 
5.08 
1.31 
23.39 
1.07 
11.44 
7.32 
7.94 
0.76 
1.36 
4.67 
0.82 
1.28 
5.44 
68.25 
0.55 
1.42 
0.70 
3.70 
2.80 
22.86 
52.99 
58.01 
77.19 
RG3 
99.27 
73.46 
52.47 
42.45 
24.16 
11.71 
13.41 
11.71 
8.33 
6.45 
5.95 
5.21 
4.28 
4.65 
1.07 
5.29 
1.38 
9.04 
7.29 
6.85 
0.93 
1.41 
3.19 
1.28 
3.28 
39.06 
11.39 
0.47 
0.86 
0.65 
4.11 
3.13 
23.21 
63.96 
89.40 
94.45 
BA3 
264.35 
190.07 
126.95 
96.23 
54.71 
26.14 
29.68 
24.41 
17.37 
13.99 
13.72 
11.86 
10.45 
11.69 
1.79 
14.07 
4.72 
9.80 
8.68 
10.78 
0.56 
1.28 
2.95 
2.64 
2.28 
7.49 
6.94 
0.24 
0.38 
0.65 
4.83 
2.84 
25.30 
74.81 
90.68 
92.94 
U2 
35.61 
58.24 
31.34 
32.90 
40.12 
26.22 
48.10 
71.76 
72.95 
64.24 
60.86 
54.60 
42.28 
37.32 
0.07 
0.39 
0.44 
205.06 
0.10 
68.65 
14.75 
84.75 
0.05 
6.49 
0.53 
0.24 
242.03 
0.02 
8.77 
0.60 
0.89 
1.14 
0.84 
57.83 
58.08 
58.72 
Major elements in oxide wt%, trace elements in ppm; total Fe as FeiOa; 
<= below detection; Eu/Eu* = {EuN/(SmN*GdN)''^ }; Hf values are 
calculated as Hf = Zr/39.. LaN = Chondrite normalized 
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Fig. 4.1: AI2O3 vs. Si02 diagram showing plots of pelites and quartzites 
of Khetri Copper Belt. The Smooth graph suggests that the sediments can 
be considered as the product of mixing of quartz and illite. 
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Fig. 4.2: Si02/Al203 vs. K20/Na20 plot for the KCB pelites and 
quartzites, Lower Vindhyan sandstone and Archean quartzites. Boundries 
of Archean and Proterozoic-Phanerozoic shale from Wronkiewicz and 
Condie (1987). K = Khetri, Sst = Sandstone, Qtz = Quartzite. 
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In general these detrital sediments can be considered as mixture of quartz 
and illite end members (Fig. 4.1). 
The KsO/NajO ratios of KCB pelites range from 0.035 to 303.93 
(avg. = 43.24) that is higher than post Archean shale standards (3.1-3.5, 
Condie, 1993). However, the Si02/Al203 ratio of these pelites varies from 
2.1 to 10.7 (avg. = 4.39). In Y^jOPHdijO vs. Si02/Al203 plot (Fig. 4.2) the 
KCB pelites are comparable to Proterozoic and Phanerozoic shales with 
large variation in K20/Na20 ratios, but, associated quartzites contain 
higher Si02/Al203 value at given K20/Na20 ratio than shale probably due 
to quartz dilution effect. 
As KCB pelites and quartzites assemblage define a smooth graph 
in Si02-Al203 space in (Fig. 4.1), they are considered as single population 
for statistical calculation to identify the mineralogical control of major 
and trace elements chemistry. The Si02 of pelites shows a strong negative 
correlation with AI2O3 (r = 0.86). Such correlation is expected, because in 
sedimentary rocks the AI2O3 and Si02 contents are controlled by 
aluminous clay and quartz contents respectively. The illite control is also 
indicate by strong relationship between AI2O3 and K2O (r = 0.84). Na20 
also appears to be bounded in clay minerals as it is moderately correlated 
with AI2O3 (r = 0.675). Fe203^ '^  also shows positive correlation with 
AI2O3. This indicates that weathering was an important factor in the 
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source area controlling the abundance of these elements. Probably, the 
clays may have been more aluminous and later enriched in K to form 
illite (Fedo et al., 1995). The highly weathered nature of source terrain is 
indicated as AI2O3 and Ti02 are strong to moderately correlated (r = 0.76 
in NKB and r = 0.62 in SKB) as shown in Fig. 4.3. In different source 
rocks the Al203/Ti02 ratios vary, thus form scatter in unweathered 
sediments. Since Al and Ti are immobile element they are enriched in 
residual weathering profile. The binary mixing of these components in 
sediments gives rise to their strong positive correlation (Young and 
Nesbitt, 1998). 
The variation of Fe203^ ^^  with Ti02 (r = 0.54) as shown in Fig. 4.4, 
indicating that iron was also enriched during weathering and chlorite may 
be an important constituent among clays in case of relatively mafic 
provenance. The positive correlation between FeO and Ti02 also suggests 
that iron retained in P'aleoweathering profile (Young and Nesbitt, 1998) 
in an oxygenated atmosphere (Holland et al., 1989; Holland and Beukes, 
1990). 
Heron (1988) modified the diagram of Pettijohn et al. (1972) using 
log (Fe203^ 'VK20) along the y-axis instead of log (Na20/K20). The ratio 
of Fe203^ 'VK20 allows arkoses to be more successfully classified and is 
also a measure of mineral stability. Ferromagnesian minerals tend to be 
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amongst the less stable minerals during weathering. A third axis (not 
shown) plots total Ca - a measure of calcium carbonate content of the 
rock cement. Shale which is not considered in Pettijohn et al. (1972) 
scheme is identified on the basis of a very low Si02/Al203 ratio. A fiirther 
advantage of the Heron classification is that it can be used to identify 
shales, sandstones, arkoses and carbonate rocks. 
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Most of samples of pelites / metapelites of KCB in fig. 4.5 are 
lying in field of shale and wacke. Only one sample is lying in the field of 
arkose and three samples are in the field of lithiarenite and Fe-sand. The 
Chapter 4 72 
high Si02 contents in metapehtes is reflected in Heron's (1988) diagram, 
in that some of them plotted in the wacke and hthiarenite field. 
4.32. TRACE ELEMENTS 
Trace element abundances of clastic sedimentary rocks have been 
widely used to investigate many complex processes involved in their 
formation including average composition of the source terrain, 
weathering history, transportation, diagenesis and metamorphism. Taylor 
and McLennan (1985) and Bhatia and Crook (1986) regard Th, Y, U, Co 
and REE as the most useful elements in determining upper crustal 
abundances from clastic sedimentary rocks and as discriminants of 
tectonic settings. This is because strongly incompatible (TREE, Th, U) 
and strongly compatible (Sc, Co) elements are represented in this group. 
Also, most of them are considered immobile during secondary processes. 
In pelites of KCB the abundance of Th and U are variable. 
The ThAJ ratio of Khetri pelites ranges from 1.72 to 67.60 with average 
8.81. Th/U ratios of sedimentary rocks are expected to increase with 
increasing weathering due to oxidation and loss of uranium (Taylor and 
McLennan, 1985). Th/U ratios above 4 are thought to be related to 
weathering history (McLennan et al, 1995). The ThAJ ratio of pelites of 
studied area is higher than 4 which suggest that their source rocks 
suffered moderate weathering. 
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Another evidence of sedimentary recycling comes from Rb/Sr ratio 
that ranges in pelites of KCB from 0.202 to 26.45 (avg. 6.30). It suggests 
that, weathering and in some cases diagenetic processes led to a 
significant increas9^ in the Rb/Sr ratio of the rocks, which is higher than 
0.5, that has been interpreted to be due to weathering and sedimentary 
recycling (McLennanet al., 1993). 
The ferromagnesium elements in the pelites of KCB are highly 
variable. The abundance of Ni ranges from 4.8 to 136 ppm (avg. 41.81 
ppm); Cr ranges from 61.63 to 300.62 ppm (avg. 250.60 ppm); Co 
ranges from 6.03 to 47.53 ppm (avg. 24.06 ppm) and Sc ranges from 
6.57 to 37.03 ppm (avg. 20.91 ppm). These values suggest that the 
average of Ni is lower than standard Average Proterozoic Shale (52 ppm) 
of Condie (1993) and average value of Cr, Co, Sc of these pelites are 
higher than standard Proterozoic Average Shale (Cr = 115 ppm, Co = 18 
ppm and Sc = 17 ppm). 
Among the high field strength elements (HFSE), Zr concentration 
in pelites of KCB ranges from 84.26 to 582.87 ppm (avg. 179.05 ppm); 
suggesting that Zr concentration in these pelites is lower than APS (196 
ppm) and PAAS (Post-Archean Average Australian Shale of Taylor and 
McLennan, 1985 = 210 ppm). However, Zr concentrations are lower in 
pelites of NKB than those of SKB as shown in multi-element spidergram 
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(Fig. 4.6).The concentrations of Y and Nb in KCB pelites avg. 28.01 ppm 
and 14.96 ppm respectively) are lower than those of the APS (Y= 33 
ppm, Nb= 16.8 ppm). 
Geochemical composition of pelitic schists of KCB in terms of 
various major and trace elements of petrogenetic significance are shown 
in Average Upper Continental Crust (AUCC) normalized multi-element 
spidergram in Fig. 4.6.A and B. The order of elements used in normalized 
diagram represents a monotonic decrease of continental abundances with 
respect to primary mantle of the earth or to chondrite (Hoftnann, 1988). 
The diagram has the most incompatible elements on the left and most 
compatible elements to the right. In comparison with average upper 
continental crust the pelitic rocks of KCB are depleted in CaO, Na20, Sr 
and Ba suggesting that their source rock suffered continental weathering 
(Nesbitt et al, 1980). However, in comparison with AUCC the KCB 
pelites are enriched in LREE, and transition elements (Fig. 4.6A, B). 
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4.33. RARE EARTH ELEMENTS (REE) 
The REE data of KCB pelites are given in (Table 4.1) and their 
chondrite normalized patterns are presented in figure 4.7 A and B. Most 
of the KCB pelites exhibit sub parallel REE patterns with La abundances 
ranging from 18 to 352.5 ppm (avg. 158.53 ppm) and those of Yb are 
ranging from 2.4 to 24 ppm with average of 13.02 ppm. All sample of the 
pelites KCB are characterized by highly fractionated REE patterns with 
(La/Yb)N ratio varying between 0.96 to 66.26 and averaging at 15.77 
except very low (La/Yb)N ratio of samples P06, P05, MA3 & K0T2 
which display the values of this ratio as 4.08, 5.88, 5.12 and 4.23 
respectively. Highest value of (La/Yb)N ratio 66.26 is displayed by 
sample BAl because of very low (Yb)N content (2.4 ppm). 
The average (LaAfb)N ratio of KCB pelites i.e. 15.77 is nearly two 
times to that of North American Shale Composite (NASC, 7.17) and 
PAAS (8.2). The high values of (La/Yb)N ratio of KCB pelites call for a 
TTG component in their source terrain. In general all the samples of 
Khetri pelites display highly fractionated LREE with (La/Sm)N = 4.02, 
less fractionated HREE {(GdAT3)N = 2.12} and moderate negative Eu 
anomalies with values ranging from 0.60 to 1.35 (avg. Eu/Eu* = 0.79). 
Only two samples i.e. RG2 and POl show slightly positive europium 
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anomalies with Eu/Eu* values 1.17 and 1.35 respectively. These samples 
also have very high Zr contents (RG2 = 582.87 ppm and POl = 442.36 
ppm) that is nearly 2.5 times more than PAAS and NASC (210 and 200 
ppm respectively). Higher concentration of HREE in sample KAl (Fig. 
4.7 A) indicate presence of higher amount of heavy minerals like zircon. 
The overall total REE concentrations of pelites of KCB show a 
range of variation from 35.04 to 413.8 ppm and average 176.20 ppm. 
Therefore, total REE contents of KCB pelites are higher than that of 
AUCC (~ 143 ppm; Taylor and McLennan, 1985) except samples KAl = 
35.04 ppm, RG2 = 71.6 ppm, P06 = 71.8 ppm and P05 = 53.81 ppm, 
having relatively low total REE patterns 
4.4. GEOCHEMICAL CHARACTERISTICS OF QUARTZITES 
4.41. MAJOR ELEMENTS 
In KCB quartzites the SiOa contents ranges from 72.22 to 96.91% 
(avg. 86.63%). One sample (i.e. KH3) has relative low SiOi (72.22%) but 
higher Fe203 (26.97%). In most of the samples, the average concentration 
of AI2O3, MgO and K2O are <5%, <1% and <2% respectively. The 
K20/Na20 ratios of KCB quartzites show a range of variation from 
0.0028 to 39.05 with an average of 11.04. The Si02/Al203 ratio is rangmg 
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from 6.94 to 242.03 with an average of 65.34. The high Si02/Al203 ratio 
and low K20/Na20 ratios of KCB quartzite in comparison to KCB 
pelites, as shown in figure 4.2, may be due to effect of quartz dilution. In 
log (Fe203(t)/K20) vs. log (Na20/K20) plot (Heron, 1988) for 
geochemical classification of KCB clastic rocks (Fig. 4.5), samples of 
quartzites are scattered and fall in the fields of arkose, sub-arkose, Fe-
sand and quartzarenite. 
4.42. TRACE ELEMENTS 
Compared to AUCC the KCB quartzites are considerably depleted 
in MgO, CaO, Sr, Ba, Na20, K2O, Rb and Y and highly depleted in Fe203 
(Fig. 4.8A, B). However, Cr and Co contents are high that indicate 
presence of mafic components in their source. The muld-element patterns 
of these quartzites (Fig. 4.8A, B) are closely similar to that of KCB 
pelites except that the former are more depleted in MgO and Fe203. 
Pronounced Na, Ca, Sr depletion as shown by KCB pelites (Fig. 4.6A, B) 
is also a characteristic feature of these quartzites, again suggesting that 
the source of these sediments suffered continental weathering (Nesbitt et 
al., 1980). The Rb/Sr ratio of these quartzites varies from 0.19 to 3.87 
(avg. 1.37) which is lower than that of KCB pelites. The Th/U ratios of 
KCB quartzites are ranging from 0.32 to 60.78 with an average of 11.67; 
that is higher than that of KCB pelites (avg. 8.81) and average UCC value 
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i.e. 3.8 (Taylor and McLennan, 1985). When quartzites of northern and 
southern parts of Khetri belt are compared, it appears that both of these 
quartzites show nearly parallel patterns which are parallel to the patterns 
of KCB pelites. However, the quartzites have comparatively lower 
concentrations of trace elements, due to quartz dilution. 
4.43. RARE EARTH ELEMENTS 
The Khetri belt quartzites exhibit near parallel REE patterns (Fig. 
4.9A, B) which are characterized by low total REE contents (avg. 97.41) 
relative to KCB pelites. They display high (LaAfb)N and (Gd/Yb)N ratios 
(20.15 and 2.46 respectively) and moderate negative Eu anomalies with 
Eu/Eu* values ranging from 0.60 to 1.34 (avg. 0.83). Sample U2 and 
CH5 of the quartzite of SKB display lesser values of (La/Yb)N ratios that 
may, a consequence of heavy minerals concentration. The average 
(La/Yb)N ratio of KCB quartzites is 2.5 times higher than that of Average 
Cratonic Sandstone (i.e. 7.3) of Condie (1993). 
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The geochemical changes that occur in major element 
concentrations during weathering of igneous rocks have been 
thermodynamically and kinetically predicted. To investigate and quantify 
the degree of chemical weathering to which sedimentary rocks have been 
subjected, Nesbitt and Young (1982, 1984) introduced chemical Index of 
alteration (CIA), a dimensionless number, that is calculated as CIA = 
[Al203/(Al203+ CaO*+Na2O+K2O)xl00], where oxides are expressed as 
molar proportion and CaO* represent Ca in silicate minerals as opposed 
to phosphate and carbonates. The CIA values of sedimentary rocks are 
widely used as an indicator of the intensity of weathering of sedimentary 
provinces (Nesbitt and Young, 1982). The CIA values of Pelites of Khetri 
Copper Belt (KCB) are identical in ranges from 45 to 78 (avg. 66) and 
those of quartzites ranges from 49 to 76 (avg. 62), which suggests that the 
parent rocks of both these rocks were subjected to same weathering 
conditions. Collectively, these values are between unweathered clastic 
rocks (<50) and average standard shales (70-75; McLennan et al., 1993) 
suggesting that the source area of these sediments had only'moderately 
weathered. However, more useftil way of evaluating the chemical 
weathering trend than simple comparison of numerical values of chemical 
index of alteration (CIA Index) is to employ a ternary plot with AI2O3 at 
the top apex, CaO*+Na20 at the bottom left and K2O at the right apex of 
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the bottom as shown in Fig. 5.1 A. This triangle, that is also known as A-
CN-K ternary plot (Nesbitt and Young, 1984) permits the identification 
of 'anomalous' samples and trends that deviate (because of metasomatic 
alteration) from the expected trends as established both by theoretical 
consideration and empirical observations on modem weathering profiles 
(Nesbitt and Young, 1984; Fedo et al., 1995). 
During the initial weathering stage, the composition of residues of 
various igneous rocks undergoing weathering process plot on lines 
emanating from respective fresh rocks and parallel to AI2O3-
(CaO*+Na20) boundary because Na and Ca are removed from the earlier 
dissolved plagioclase. Continued weathering results in progressive 
destruction of plagioclase eventually to the point where little Ca and Na 
remains and bulk composition of residues plot close to the AI2O3-K2O 
line. During advance stage of weathering process, K-feldspar starts to 
dissolve resulting in the release of K in preference to Al so that the bulk 
compositional trends of the residues are redirected to the AI2O3 apex. 
Almost all the samples of clastic rock of Khetri belt plot above feldspar 
tie line and group between 50 - 78% AI2O3 contents. This represents a 
moderately weathered source. In this diagram (Fig. 5.1a.) the samples of 
pelites plot parallel and near to A-K tie line. Some of the pelites samples 
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Fig. 5.1(A): A-CN-K (in molecular proportion) ternary plot (Nesbitt and 
Young, 1984b) for the KCB clastic rocks, whereas CaO* is the silicate 
fraction of rocks. Nos. 1 to 6 denote compositional trend of initial 
weathering profile of various rock types, 1- Gabbro, 2- Tonalite, 3-
Diorite, 4- granodiorite, 5- Granite and 6- compositional trend for 
advance weathering profile. CIA = [Al203/(Al203+CaO*+Na20+K20)] x 
100. (B): AK-C-N (in molecular proportion) ternary plot (Fedo et al., 
1995) for KCB elastics. PIA = [(Al203-K20)/(Al303+CaO+NaO-K20)] x 
100. An (Anorthite), Ab (Albite), Og (Oligoclase), Ad (Andesine) 
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plot along a trend lying roughly right angle to the A-K tie line suggesting 
that those samples might have suffered minor amount of K-metasomatism 
because it has been suggested that K-metasomatism of Kaolinite bearing 
weathered rock can produce illitic rock that plot at right angl^ to A-K tie 
line of this diagram (Cullers et al., 2000). The quartzites samples of study 
area plot along linear trend 1, 5 & 6. The trends 1 and 5 are considered to 
represent the initial weathering lines of Gabbro and Granite whereas trend 
6 shows intense weathering conditions. Three samples of quartzite, plot to 
the right of weathering line of granite indicating that their source is 
enriched in K2O relatively to typical granite. Average of quartzites, plot 
between weathering lines of granite and granodiorite indicating that their 
source is relatively enriched in K2O than typical granite. However these 
quartzite samples plot away from the A-K tie line suggesting that the 
enrichment in K was probably the result of erosion of a K-rich source 
rather than high degree of weathering. 
This type of weathering trend as shown by clastic sedimentary 
rocks of Khetri belt usually results from mixing sources of different 
compositions or weathering histories (McLennan et al., 1993). The 
distribution of plots of Khetri clastic rocks in combination with CIA 
values suggests a moderately weathered mixed source. However the 
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effect of K-metasomatism, if any, is further explored in the following 
paragraphs. 
The degree of weathering can also be portrayed by Chemical Index 
of Weathering (CIW, Hamois, 1988) and Plagioclase Index of Alteration 
(PIA, Fedo et al., 1995). The CIW index eliminates, affect of K-
metasomatism and defined as CIW = [AI2O3/ (AI2O3+ CaO*+Na20) 
xlOO] where the elements are represented in molecular proportion. The 
chemical index of weathering (CIW) of KCB pelites varies fi"om 49 to 98 
(avg. 83) and quartzites varies from 49 to 96 (avg. 76; Table 4.1, 4.2) 
indicating moderate to severe weathering of source rock. Except few 
samples of KCB clastic, most of the samples show severe weathering. 
But CIW is as much a function of source rock composition as it is a 
function of weathering intensity, thus could not be used strictly where 
basement composition vary (Fedo et al, 1995). Plagioclase index of 
Alteration (PIA, Fedo et al., 1995) is better Index as it portrays 
weathering of plagioclase feldspar. The PIA is defined by the equation 
PIA = [(Al2O3-K2O)/(Al3O3+CaO*+NaO-K2O)xl00] where all elements 
are in molecular proportion and CaO* represent as CaO in silicate 
fractions. The above equation can be plotted in Al203+K20-CaO*-Na20 
(A-C-N) compositional space (Fig. 5.1 b). The maximum PIA value is 
100 that is for Kaolinite, gibbsite and unweathered plagioclase has PIA 
Chapter 5 ^ 89 
value of 50. The pelites of KCB have PIA values ranging from 44 to 97 
with an average of 79 (Table 4.1) and KCB Quartzites have PIA values 
ranging from 49 to 94 and averaging at 72 (Table 4.2). The moderate PIA 
values of pelites (avg. 79) and quartzites (avg. 72) of Khetri belt do not 
support strong chemical weathering. The presence of some samples with 
high values of PIA may either be due to proportional increase of 
constituent elements or they have been strongly weathered locally. Also, 
Al203-Ti02 correlation (r = 0.65) suggests moderate weathering of the 
KCB clastic sediments. 
The Th/U ratio of KCB pelites ranges from 1.72 to 67.60 (avg. 
8.80) and that of quartzites ranges from 0.32 to 60.78 (avg. 11.67) as 
shown in Table 4.1 and 4.2. These rocks do not possess very higher Th/U 
value than typical upper crustal ratio (3.8) again suggesting moderate 
degree of weathering of their source terrain. Except one sample of both 
pelites and quartzites majority of samples have average Th/U values not 
much higher than upper continental crustal ratio of 3.8 suggesting a 
moderate degree of weathering. 
The major element composition of pelites and quartzites can be 
used to suggest their detrital mineralogy (Cox et al., 1995). In this regard 
the index of compositional variability [ICV 
(Fe203+K20+Na20+CaO+MgO+ Ti02)/Al203] and the ratio K2O/AI2O3 
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have been effectively used (Cox et al, 1995). Non-clay minerals have a 
higher ratio of the major cations to AI2O3 than clay minerals so the non-
clay minerals have higher ICV values. For example ICV decreases in the 
order of pyroxene and amphibole ('-10-100)-biotite (~8)-alkali feldspar 
(~0.8-l)-plagioclase (~0.6)-muscovite and illite (~0.3)-montmorillionite 
H.15-0.3), andkaolinite (~0.03-0.05) (Cox et al., 1995). Thus immature 
shale with high percentage of non-clay silicate minerals will contain ICV 
values of greater than one. Such types of shales are often found in 
tectonically active settings in first cycle deposits (van de Kamp and 
Leake, 1985). In contrast, more mature mud rocks with most clay 
minerals ought to have lower ICV values of less than one (Cox et al., 
1995). Such shales are derived from a stable cratons of quiescent 
environments (Weaver, 1989). They have also been found, however, in 
some first cycle material that was intensely weathered (Barshad, 1986). 
In the study area, KCB pelites contain an average ICV =1.09 
(range from 0.50 to 2.03) and KCB quartzite contain an avg. ICV = 8.91 
(range from 0.38 to 51.93) suggesting that these sediments are generally 
moderately matured and have been mostly derived fi-om first cycle input. 
Except three samples of KCB quartzite having higher ICV values i.e. 
KC1=22.91, KH3=51.93 and U2=8.77 because of less values of AI2O3. 
However, presence of samples with ICV<1 suggest periodic input of 
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highly mature sediments. As evident in figure 5.2, most of the clastic 
sediments of KCBappears to have been derived from moderately 
weathered source. 
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Figure 5.2 ICV vs. CIA diagram for the metasedimentary rocks of Khetri 
belt (after Nesbitt and Young, 1984; Cox et al., 1995). The shaded area 
represents the range of CIA values of Phanerozoic shale. 
K2O/AI2O3 ratio may suggest how much alkali feldspar vs. 
plagioclase and clay minerals may have been present in the original 
shales (Cox et al., 1995). The K2O/AI2O3 ratios decrease in order of alkali 
feldspar (~0.4-l)-illite (~0.3)-other clay minerals (~ nearly 0) (Cox et al., 
1995). Shales with ratios of K2O/AI2O3 greater than 0.5, suggest a 
significant quantity of alkali feldspar relative to other minerals in the 
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original shales. The shales containing K2O/AI2O3 less than 0.4 suggests 
minimal alkali feldspar in the original shales (Cox et al., 1995) with 
respect to other clay minerals. The KCB pelites and quartzites have an 
avg. ratio of K2O/AI2O3 = 0.25 (0.09-0.42) and 0.27 (0.0015-0.6) 
respectively suggesting minimal alkali feldspar relative to other mineral 
in the source rock. If K-metasomatism produced these rocks they could 
have been produced from varied amount of mostly diorite to basalt. If 
weathering produced these rocks then they could have been produced 
from varied amount of mostly diorite to granite. Since high degree of K-
metasomatism is not indicated, the second possibility is most favoured 
but not definitive. 
Overall average compositional data of Paleoproterozoic 
KCB clastic sediments, studied here suggest moderate degree of 
weathering in their source area. The major factors which control the 
intensity of weathering are heavy rainfall, high surface temperature and 
high atmospheric PCO2. In modem weathering systems, rainfall and 
vegetation cover are generally the strongest factors which determine the 
intensity of weathering. High rainfall leads to increased loss of labile 
minerals which results in higher values of CIA, PIA and CIW in the 
produced sediments. Consistent rainfall in an area will add unsaturated 
fluids into the weathering profile for hydrolysis and removal of the 
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products of ion exchange. This results, more rocks materials to be 
subjected to decomposition over a given period of time. Increased rainfall 
increases vegetation which provides more organic acids to promote 
mineral decay and increases binding to soils against erosions' allowing 
longer and more effective weathering. 
The degree of chemical weathering is mainly a function of climate 
and erosion. The erosion h^s controlled byrelief and vegetation cover of 
the source area. Therefore, the moderate degree of chemical weathering 
as shown by Proterozoic Khetri belt sediments may reflect relatively high 
-f 
erosion rate where there is no enough time for intense chemical 
weathering. Other factors may be short distance and rapid rate of 
sedimentation in a tectonically active basin and lack of vegetation during 
the Proterozoic. A moderate degree of weathering as indicated by the 
composition of these rocks do not suggests more CO2 enriched 
atmosphere and unusually high surface temperature in absence of 
vegetation. Slightly higher values of index of compositional variability 
(ICV) of Khetri belt clastic sedimentary rock also suggest their 
moderately immature nature, thus favouring their deposition in a 
tectonically active environment where the source rocks did not expose for 
a longer period of times so that they may be intensely weathered. 
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Various geochemical parameters such as CIA, CIW, PIA, Th/U 
ratio, ICV values and K2O/AI2O3 as described above suggest moderate 
climatic conditions during deposition of Khetri sedimentary fill and 
indicate that extreme weathering conditions were probably negligible in 
the source area. 
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CHAPTER 6 
IMPLICATION FOR PROVENANCE 
CHARACTERISTICS AND TECTONIC SETTING OF 
CLASTIC SEDIMENTS OF KHETRI COPPER BELT. 
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6.1. INTRODUCTION 
To identity the provenance of sedimentary sequence it is important 
to consider first the effect of several intracrustal processes such as 
weathering, metamorphism, sorting (grain size effect) and recycling. 
Weathering and metamorphism are the processes which are commonly 
involve congruent and incongruent dissolution of rock forming minerals. 
For example alkaline and alkaline earth metals may be transported as 
dissolved species and their abundances in sedimentary rocks may not 
reflect their abundances in source terrain. However, element such as 
AI2O3, Ti, Ni, Cr, Co, Zr and REE are commonly transported in solid 
detritus, thus are reliable indicator of provenance. Since the Proterozoic 
clastic sediments of KCB, being discussed herein, are metamorphosed 
upfto amphibolite facies our interpretations regarding provenance 
characteristics rely heavily on least mobile trace elements and REE 
(Taylor and McLennan 1985; McLennan and Taylor, 1991). The trace 
elements such as REE, Th, Sc, Co and high field strength elements 
(HFSE) are especially useful elements for monitoring source area 
composition. In addition, this array includes both incompatible and 
compatible elements, ratios of which are useful in differentiating felsic 
from mafic source components. However, the HFSE are strongly 
partitioned into sand size grains and can be decoupled from other element 
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groups because of heavy mineral fraction, owing to their high specific 
gravity and resistance to weathering (Taylor and McLennan, 
1985).Therefore their use is avoided or used very cautiously. 
6.2. SOURCE CHARACTERISTICS 
A broad hint of felsic plutonic source rock is indicated for silicic 
clastic of KGB from Qt-F-L ternary plot (Dickinson, 1985). The studied 
samples of quarzites of KGB are chiefly composed of monocrystalline 
quartz, and then polycrystalline quartz, mica and feldspar. Qt-F-L plot 
(Fig. 2.1a) indicates derivation of these meta-arenites from cratonic 
interior. In Qm-F-Lt plot majority of the samples of these quartzites fall 
in the field of cratonic interior and quartzose recycled orogen. Very few 
petrofacies plot in transitional continental block and transitional recycled 
orogen provenance, suggesting that the main source for craton derived 
quartzose sands are low-lying granitic and gneissic exposures 
supplemented by recycled of associated flat lying platform sediments. 
The feldspar (K-feldspar) in the arkosic sandstone originated mainly from 
granite and gneisses whereas plagioclase feldspar appears to be a possible 
contribution from volcanic sources. The presence of mica percentage 
after quartz in these samples indicate metamorphic source. 
The geochemical composition of sedimentary rocks has been 
successfully used to evaluate the initial composition of source rocks (e.g. 
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Naqvi et al., 1988; McLennan et al, 1995). It has been observed that 
KjOfNajO ratio (Crook, 1974) and KjOfNajO - SiOz plot (Roser and 
Korsch, 1986) can be effectively used to determine the type of 
provenance and its tectonic setting. The clastic sediments of KCB display 
large variation in K20/Na20 ratio, with average values higher than 1 
(except two samples of pelites and one of quartzite). High values of this 
ratio classify the sediments as quartz rich type (Crook, 1974) suggesting 
their deposition in plate interiors either at stable continental margins or 
intracratonic basins. The K20/Na20 - Si02 plot (Roser and Korsch, 1986) 
indicates the deposition of these clastic rocks in a passive margin tectonic 
setting (Fig. 6.1). With high Si02/Al203 ratio (avg. 65.33) and low 
K20/Na20 ratio (avg. 11.04), as shown in Si02/Al203 vs. K20/Na20 plot 
(Fig. 4.2) the Khetri belt quartzites, suggest their derivation from granite 
dominated old upper continental crust (McLennan et al., 1993). However, 
highly variable KjOfNaiO ratios and low Si02/Al203 ratios of KCB 
pelites suggest their derivation from a highly variable source terrain 
consisting both of felsic and mafic components. 
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Fig. 6.1: Si02 versus K20/Na20 discriminant diagram (Roser and Korsch, 
1986) indicating deposition of pelites and quarzites of Khetri Copper Belt 
in a passive margin tectonic setting. ACM- Active Continental Margin, 
PM- Passive Margin, ARC = Magmatic arcs. 
AI2O3 and Ti02 are generally ranked among the more immobile 
elements during weathering and diagenesis (Nesbitt and Wilson, 1992). 
Because of the stability of these elements the Al203/Ti02 ratio could be 
used to identify the source characteristics Cf sedimentary rocks. 
Al203/Ti02 ratios in igneous rocks generally vary according to rock type 
although this ratio is not as sensitive as Cr/Th and Th/Sc ratios (Condie 
and Wronkiewicz, 1990). The Al203/Ti02 ratio in felsic igneous rocks is 
generally > 10 and can be upto >100. Mafic volcanic rocks on the other 
hand tend to record these values <20, although they rarely have 
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Al203/Ti02 ratios larger than 50 (Byerly, 1999). Al-depleted high Mg 
rocks display the lowest value of around 4 (Sugitani et al., 1996). 
Therefore Al203/Ti02 ratios in sedimentary rocks can be effectively used 
as a primary indicator of source rock type. 
The Al203/Ti02 ratios of studied sedimentary rocks are highly 
variable. In general, the avg. Al203/Ti02 ratios of KCB quartzites is 
higher (avg. 34.55) than those displayed by associated pelites (avg. 24.37) 
indicating different sources for these two rock types of Khetri belt. The 
high Al203/Ti02 ratios of quartzite suggest their derivation from felsic 
dominated source terrains. On the other hand the low Al203/Ti02 ratios of 
pelites suggest a comparatively more mafic provenance. However, this 
may be due to preferential concentration of mafic volcanic material in the 
finer fractions of sedimentary debris due to hydraulic sorting or grain size 
sorting (e.g. McLennan et al., 1990) 
In order to characterize the provenance of sedimentary rocks of 
Khetri belt, first we use, the major element based diagram of Roser and 
Korsch (1988), because this bivariate plot uses parameters that are largely 
independent of grain size effects (sandstone - mudstone). The 
discriminant functions Fl and F2 of the diagrams uses AI2O3, Ti02, 
(FesOsX, MgO, CaO, Na20 and K2O contents as variables. This 
discriminant diagram is useful for characterizing bulk provenance in 
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metamorphic terrains where recrystallization has obscured or destroyed 
original detrital mineralogy. These ftinctions discriminate among four 
sedimentary provenances, PI mafic: ocean island arc; P2 intermediate: 
mature island arc; P3 felsic: active continental margin and P4 recycled: 
granitic-gneissic or sedimentary source. The plots of clastic rocks of 
Khetri belt in this diagram are shown in figure 6.2. 
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Fig. 6.2: Discriminant function diagram (Roser and Korsch, 1988) 
showing plots of clastic sedimentary rocks of Khetri Copper Belt (KCB). 
Most of KCB elastics are lying in the field of P4 suggesting their 
derivation irom granific - gneissic or sedimentary source area. Fl= (-
1.773Ti02 + O.6O7AI2O3 + 0.76(Fe2O3y- 1.5MgO + 0.616CaO + 
0.509Na2O - I.224K2O - 9.09) and F2 = (0.445TiO2 + O.O7AI2O3 -
0.25(Fe2O3)'- 1.142MgO + 0.438CaO+ 1.475Na20+ I.426K2O-6.861) 
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It is evident that almost all samples of quartzite are plotted in or 
very near to P4 field (Fig. 6.2) suggesting that they were derived from 
granitic-gneissic or sedimentary source area similar to passive continental 
margin, intracratonic sedimentary basins and recycled orogenic 
provenances. Therefore the major element composition of these clastic 
metasedimentary rocks indicates a predominance of felsic or recycled 
sources. However, there are certain samples which plots in the PI and P2 
fields (Fig. 6.2) indicating some input from mafic sources. To asses the 
source characteristic of these rocks more effectively the trace elements of 
petrogenetic significance and their ratios are used and discussed in the 
following paragraphs: 
Trace elements Th, Sc, and their ratios such as Th/Sc, La/Sc and 
La/Th are particularly sensitive to the source rock composition because 
Th is highly incompatible and Sc is relatively compatible and all these 
elements are transformed quantitatively into terrigeneous sediments from 
source to site of deposition (Taylor and McLennan, 1985). In absence of 
recycling, these ratio are indicative of mafic / ultramafic or felsic source 
components. Even recycling does not greatly affect these ratios 
(Wronkiewicz and Condie, 1987; Gu, 1994). 
Large variation in concentration of source indicator elements such 
as Th, Sc, La and their ratios as shown in KCB pelites (Th/Sc = 0.10-2.9, 
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avg. 0.90; La/Sc = 0.49-5.82, avg. 2.23; and La/Th = 0.2-7.2, avg. 2.90) 
and quartzites (Th/Sc = 0.06-1.78, avg. 0.63; La/Sc = 0.29-4.7, avg. 1.48 
and La/Th = 0.81- 9.21, avg. 3.40) raises the possibility that the 
composition of these rocks might have been influenced by heavy minerals 
such as zircon and monazite (McLennan, 1989). The Th/Sc and Zr/Sc 
diagram, (Fig. 6.3) is useful measures to assess the contribution of 
existing sedimentary sources. The Th/Sc ratio of sedimentary rocks 
reflects the average provenance and is particularly sensitive to over all 
bulk composition. More than 1 value of this ratio reflects input from 
fairly evolved crustal igneous rock. Therefore this ratio provides an 
indicator of the involvement of the recycled versus more primitive 
composition of source terrain. Th/Sc ratios less than 0.8 is an indicator of 
source other than typical continental crust (Taylor and McLennan, 1985) 
i.e. for instance mafic sources and probably reflect an input from mature 
or recycled source if coupled with higher Zr/Sc, whereas, value of Zr/Sc 
less than 10 reflects the differentiation related compositional relations in 
igneous rocks. An addition of zircon by the processes of sorting and 
recycling to sedimentary deposits would result in an increase in Zr/Sc 
ratio exemplified by trend shown in figure 6.3. The Th/Sc versus Zr/Sc 
plot (McLennan et al, 1993) is indicative of enrichment of heavy 
minerals using zirconium as indicator elements. In this diagram, (Fig. 6.3) 
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the Th/Sc ratio of KCB pelites ranges from 0.5 to 2.9 (avg. 0.90) and that 
of quartzite ranges from 0.1 to 1.3 (avg. 0.63) and Zr/Sc ratio of KCB 
pelites vary from 3.7 to 18.42 (avg. 9.28) and that of quartzites ranges 
from 4.48 to 8.68 (avg. 6.44). Sample plotting right of indicated line in 
fig. 6,3 are considered to contain an enrichment of zircon that is an Al-
free siHcate and major host mineral for Zr in sedimentary and igneous 
rocks. The overall trend of plots in Th/Sc and Zr/Sc diagram (Fig. 6.3) 
indicates the derivation of Khetri clastic rocks from a mixed source 
consisting igneous rocks predominantly of felsic composition with 
variable but minor amount of pre-existing sedimentary sequences. 
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Fig. 6.3: Th/Sc vs. Zr/Sc plot for pelites and quartzites of KCB (after 
McLennan et al., 1993) indicating felsic and reworked sedimentary 
source. 
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Enrichment in heavy minerals such as monazite and zircon, 
produced by reworking and sorting during sediment transport, can be 
constrained by geochemical data because these minerals largely 
concentrate LREE and Zr, respectively. Slight enrichments in monazite in 
sediments produce a meaningful increase in (Gd/Yb)N that normally 
ranges from 1.0 to 2.0 for post-Archean sedimentary rocks and most 
upper crustal igneous rocks (McLennan et al., 1993). The high (Gd/Yb)N 
ratio as shown by the some samples of clastic sediments of KCB indicate 
fractionated HREE which might suggested that the HREE may have been 
sequestered by garnet during the formation of the source rocks resulting 
depletion in HREE. Such source rocks may be Tonalite-Trondhjemite-
Granodiorite (TTG) suites which are important and some times essential 
parts of the Archean shield areas throughout the world. 
K and Rb are lithophile elements considered relatively mobile 
during metamorphism. The average value of K/Rb ratio of Khetri clastic 
is about 242 that is closely similar to that average crust (Shaw, 1968) 
suggesting their derivation from acidic / intermediate igneous sources. In 
K vs. Rb diagram (Fig. 6.4) the Khetri elastics plot along linear magmatic 
trend suggesting that the concentration of these elements have not been 
affected during secondary processes. 
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Fig. 6.4: Rb vs. K diagram showing close correspondence between KCB 
pelites and quartzites derived from silisic + intermediate parental material 
(Floyd et al., 1989). K/Rb ratio 230 corresponds to a magmatic trend 
(Shaw, 1968). 
Although, Khetri pelites are characterized by low transitional 
elements, the Fe, Ti rich tholeiitic mafic components can be visualized in 
their provenance. The positive correlation of FeO, Ti, and MgO with Sc, 
V, Co and Cr is probably a reflection of contribution from mafic 
component of the source area. The relative contribution of felsic to mafic 
input into the sedimentary basin can be established by using ratio-ratio 
plots of different compatible to incompatible element pairs. To further 
explore the presence of felsic and mafic components in the source terrain 
of Khetri clastic sequences their trace element data are plotted in different 
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variation diagrams involving compatible and incompatible immobile 
trace elements such as Zr, Ti02, Th, Sc, Cr and their ratios. 
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Figure 6.5: Ti02 (%) versus Zr ppm plot for the clastic sediments of 
Khetri Copper Belt. Fields of BGC- granitoids and mafic enclaves are 
based on data from Raza et al. (2008). Note that the KCB sediments plot 
in mixing field of BGC granitoid and mafic enclaves. 
In Ti02 versus Zr plot (Sugitani et al., 1996) of the geochemical 
data of felsic (granitoid) and mafic (enclaves) components of BGC 
basement of Aravalli craton occupy two separate fields (Fig. 6.5). In this 
diagram, the geochemical data of clasfic rocks of KCB, plots in the area 
lying between the two fields, representing felsic and mafic components of 
possible source area, BGC (Raza et al., 2008) therefore, suggesting their 
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derivation from a mixture of felsic and mafic material. Because Zr and 
Ti02 are considered immobile during secondary processes their presence 
in the sediments may represent the source rock composition. 
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Fig. 6.6: Th/Sc versus Cr/Th plot (after Totten et al, 2000) for KCB 
pelites and quarzites along with Archean Naharmagra quartzite and 
Lower Vindhyan sandstone. Most of the samples fall near granitic 
component and very few plots near mafic component. For reference the 
data of BGC basement end members are also plotted as BG = Berach 
Granite, T = TTG gneisses and M = Mafic Enclaves (Raza et al., 2008). 
The symbols of source area data are same in subsequent diagrams. 
The Cr/Th vs. Th/Sc ratio-ratio plot (Fig. 6.6) of the samples of 
KCB clastic rocks again plot on a curve consistent with mixing of a 
granitic source enriched in incompatible elements (Th) and mafic source 
enriched in compatible element (Cr, Sc). The diagram again suggests that 
Chapter 6 109 
atleast two types of rocks were involved in providing detritus for KCB 
clastic rocks. The diagram also demonstrates that most of the samples 
show inclination towards felsic end indicating dominance of granitic 
components in their source terrain. However, the samples of quartzites of 
north Khetri belt display relatively higher values of Cr/Th as a result of 
which they plot/ on the segment of curve that is nearer to mafic end 
member. The plots of these samples of NKB quartzite suggest their 
derivation from a source having relatively more anmint of mafic 
components or mixing of an additional amount of mafic debris which was 
supplied to the basin at the time deposition of quartzite of northern part of 
the Khetri belt. 
In source characterization of sedimentary sequences the bivariant 
log-log plot (Fig. 6.7A, B and Fig. 6.8) viz. Th/Sc vs. So, La/Sc vs. Sc/Th 
and Co/Th vs. La/Sc systematics (Taylor and McLennan, 1985; Condie, 
1993; Bhat and Ghosh, 2001) have been proved more robust and widely 
used. The geochemical data of KCB clastic sediments are plotted in 
various diagrams (Fig. 6.7A, B and Fig. 6.8) involving these elements and 
their ratios along with available data of average TTG gneisses (T), Berach 
Granite (BG) and (M) Mafic enclaves (Raza et al., 2008) of BGC 
basement of Aravalli Cratonic block. In these plots, the KCB elastics are 
plotted at an intermediate position between Berach Granite and Mafic 
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Figure 6.7: La/Sc vs. Sc/Th (A) and Th/Sc vs. Sc (B) systematics of KCB 
pelites and quarzites, Archean Naiiarmagra quartzite and Lower 
Vindhyan sandstone. For reference the data of BGC end members are 
also plotted. TTG (T), Berach Granite (BG) and Mafic rocks (M) (after 
Raza et al., 2008). 
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Figure 6.8: Co/Th vs. La/Sc of KCB pelites and quarzites, Archean 
Naharmagra quartzite and Lower Vindhyan sandstone. For reference the 
data of BGC end members are also plotted. TTG (T), Berach Granite 
(BG) and Mafic rocks (M) (after Raza et al., 2008). 
enclaves supporting their role as end member components for the KCB 
sediments. It is interesting to note that NKB quartzites plot comparatively 
nearer to mafic end member implying more mafic source of these 
quartzites than other clastic rocks. The plots of NKB quartzites in these 
diagrams along with their relatively more enrichment in transition 
elements raises the possibility that the composition of the sediments have 
been influenced by synsedimentation volcanism as indicated by 
occurrence of amphibolite sheets in the north Khetri belt. Such mafic 
rocks have not been reported fi-om southern part of the Khetri belt. 
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However, bulk samples of KCB clastic sediments appear to have been 
derived from a source predominantly consisting of felsic material with 
minor mafic components. 
To further explore, the source compositions of these clastic 
sediments various variation diagrams involving REE concentrations are 
used. The REE data of these sediments as discussed in chapter 4 show a 
significant fractionation between LREE and HREE as indicated by high 
values of (La/Yb)N ratios and fractionated HREE in comparison to North 
American Shale Composite (NASC) of Gromet et al. (1984) and 
Proterozoic shale standard data (Condie, 1993). The high (LdJYb)^ ratio 
(15.77), moderate Eu-anomalies (Eu/Eu*= 0.79) and fractionated HREE 
with (GdAn))N = 2.12 as shown by KCB clastic sedimentary rocks are 
unlikely to be generated by a felsic source consisting solely of granitic 
rocks. Therefore, a contribution from TTG type component is required to 
explain this type of REE pattern. The TTG are important components of 
Archean basement complex of the world and Rajasthan (Martin, 1987 
Gopalan et al., 1990). These rocks are considered to be derived from 
ecologite melting and may contain very large LREE/HREE ratios with 
little or no Eu-anomalies (Cullers and Graf, 1984). 
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Fig. 6.9: La-Th-Sc ternary plot for KCB elastics, Lower Vindhyan 
Sandstone and Archean Naharmagra quartzite. For reference the TTG, 
granite and mafic end members of BGC are plotted. Data of mixing 
model is plotted in the field of Continental Island Arc B: Th-Sc-Zr/10 
ternary plot where most of the KCB elastics are lying and near to the field 
B and C. Fields are after Bhatia and Crook, 1986; A = Oceanic Island Arc 
(OIA), B = Continental Island Arc (CIA), C = Active Confinental Margin 
(ACM) and D = Passive Margin (PM). 
Chapter 6 n 4 
In La-Th-Sc ternary plot (Fig. 6.9A) also exhibits similar situation 
where most of pelites and quartzites of KCB plot nearer Berach Granite 
(EG) and TTG (T) and away from mafic enclaves (M) indicating their 
derivation from a source consisting predominantly of granite and TTG 
with subordinate amount of mafic rocks. Here also the NKB quartzite 
show characteristically more mafic source than other clastic sediments of 
KCB and plot nearer to mafic end members. 
6.3. LOCATION OF THE SOURCE 
The geochemical provenance analysis, attempted during the present study 
and discussed in preceding paragraphs, identifies a number of possible 
end member components that include granite, TTG, mafic enclaves and 
minor pre-existing sediments. Geochronological studies of Choudhary et 
al. (1984) shows that the ages of granitic plutons of north Delhi belt are in 
the range of 1500 - 1700 Ma. Recent geochronological data (Kaur et al., 
2006; 2007) suggest the age range of granitoids plutons of Khetri belt 
from 1660-1765 Ma with a discrete slightly older magmatic event at 
around 1800 Ma. Therefore, these ages overwhelmingly suggest that the 
granitic plutons occurring in the northern part of Aravalli - Delhi belt 
were not available to supply debris to the Khetri sedimentary basin. Other 
possibility is that the Archean basement referred to as BGC may have 
been exposed for erosion and thus is likely to be the major source for 
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Khetri and related basin of North Delhi belt. The lithogies identified as 
end members in the present study by geochemical provenance analysis 
have striking similarities with those of BGC (Figure 6.5 to 6.9A). The 
BGC basement of Aravalli craton extensively occurs to the south of 
Khetri basin (Fig. 1.3). This complex of rocks is composed of 
Mesoarchean TTG, gneisses, late Archean granitoids, mafic enclaves and 
associated sediments representing dismembered greenstone belts. It is 
well known fact that BGC has acted as basement for all the Proterozoic 
supracrustal sequences of Aravalli cratonic block. The North Delhi 
sedimentary basins which now occur as linear belts in northeastern 
Rajasthan were also originated and evolved over Archean basement 
having close lithological similarities with BGC of southern Rajasthan 
(Gupta et al., 1998). However, quartzite of NKB, which have higher 
concentrations of ferromagnesium elements and tend to plot more nearer 
to mafic end member in various variation diagrams (Fig, 6.6 to 6.9A) 
appear to have received additional debris rich in mafic components. One 
possibility is that such debris was probably produced and supplied by 
synsedimentational volcanic products as indicated by presence of 
interlayered amphibolite sheets in northern part of Khetri belt. However, 
the pelitic rock occurring in association of NKB quartzites do not show 
any enrichment in mafic components. Their composition is similar to 
Chapter 6 116 
those of pelite - quartzite association of southern part of Khetri belt. This 
characteristic and presence of detrital amphibole in NKB quartzites 
suggest that the some mafic rich debris was supplied by additional source 
probably magmatic arcs developed in Khetri area as suggested by Raza et 
al. (2007). Therefore, it is possible that the sedimentary debris of NKB 
was not only derived from the Archean BGC cratonic basement but also 
and more significantly from Paleoproterozoic magmatic rocks from 
adjacently lying area to the west. 
6.4. PROVENANCE MODELING 
The provenance analysis undertaken under the present study helps 
to identify several likely source components namely Berach Granite, TTG 
and Mafic rocks. Therefore, it is possible to quantitatively model the 
relative contribution of these source components to generate average 
clastic rocks of the Khetri belt. However, before attempting any such 
calculation it is necessary that mass balance should be taken into 
consideration. In quantitative modeling of source end members, the use of 
only pelites or psammites may give rise erroneous results because pelites 
tend to contain more abundances of REE and other elements then source 
rocks and quartzites are relatively depleted in these elements. Various 
studies (e.g. Garrels and Mackenzie, 1971; Taylor and McLennan, 1985) 
have shown that fine grained terrigeneous sediments such as shales and 
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siltstones comprise 70% of sedimentary mass, while coarse grained 
sediments such as sandstone and quartzites contribute 30% to the 
sedimentary mass. Therefore, the 70:30 ratios of shale and sandstone may 
be considered to be representative of source composition. Therefore, we 
have taken a mixture of 70% pelites and 30%) quartzites as model 
composition of Khetri basin fill. As identified by provenance analysis of 
Khetri clastic rocks, the major components of BGC basement viz. Berach 
Granite (BG), TTG gneisses and mafic enclaves (M) are potential source 
rocks and thus are taken as end members for modeling purpose. To 
determine the contribution of these components of BGC basement, their 
REE data (Raza et al., 2008) are used to perform mixing calculations. The 
parameters and results of mixing calculations are presented in table 6.1. 
The modeling based on REE concentrations of different end members 
suggests that average Khetri elastics represent mixture of sediments 
derived from a provenance consisting of 50%) Berach granite, 35%o mafic 
rocks and 15% TTG gneisses of BGC basement. The REE patterns of 
average Khetri elastics are perfectly matched with modeled REE patterns 
(Fig. 6.10A, B) suggesting this combination to be reasonably fit. 
However, the presence of 35% mafic rocks in the source terrain as 
revealed by REE modeling is not consistent with the field observation. 
Although mafic enclaves are widely distributed throughout the BGC 
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terrain, they constitute relatively a minor volume of the BGC. Therefore, 
we believe that the Khetri basin might have received some mafic rich 
debris from local sources in addition to that supplied by BGC basement. 
As mentioned in preceding section, the most likely source for this locally 
supplied mafic rich material may be the magmatic arcs which are thought 
to be formed at the time of sedimentation of Khetri and related 
supracrustal sequences of Delhi Basin (Raza et al., 2007; Ahmad et al, 
2008b). 
6.5. TECTONIC SETTING 
The geochemistry of sedimentary rocks has been widely used to 
interpret the tectonic setting prevailing during sedimentation (Bhatia, 
1983; Bhatia and Crook, 1986). The geochemical data derived 
interpretations regarding tectonic setting of ancient sedimentary basins is 
largely based on fundamental assumption that the nature of source terrain 
is intimately related to tectonic processes controlling the origin and 
evolution of adjacendy lying sedimentary basin (Bhada and Crook, 
1986). Variation in major and trace element concentration reflect disfinct 
provenance types and tectonic setting for sedimentary sequences (Bhatia, 
1983; Bhatia and Crook, 1986). These authors assigned the sedimentary 
basin to four tectonic settings: oceanic-island arc, continental island arc, 
active continental margins and passive continental margins. A number of 
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important inferences regarding tectonic setting of clastic sedimentary 
rocks of Khetri Copper belt can be drawn from the provenance analysis as 
presented in the preceding part of this chapter. Variation in major and 
trace element concentration of clastic sedimentary rocks reflect distinct 
provenance types and tectonic setting of depositional basin. The clastic 
sedimentary rocks of the Khetri belt are rich in Si02 and have moderate to 
high K20/Na20 ratio. These characteristics identifies these rocks as 
quartz rich type (Crook, 1974), suggesting that these rocks are deposited 
in plate interiors either at stable continental margin or intra-cratonic 
basin. In K20/Na20 vs. Si02 diagram (Roser and Korsch, 1986), most of 
the samples of pelites and quartzites of KCB fall in the field of passive 
margin (PM) tectonic setting (Fig. 6.1). 
To further asses the tectonic setting of these clastic rocks we use 
herein the immobile trace and rare earth elements such as La, Th, Sc, Y, 
Cr, Zr, Co and Ti02 as discriminant parameters. The paleotectonic setting 
of KCB clastic is evaluated using discriminant diagrams based on the 
concentrations of these elements, (e.g. Bhatia and Crook, 1986). On La-
Th-Sc, Th-Sc-Zr/10 and Ti/Zr - La/Sc discriminant plots, (Fig. 6.9 and 
6.11) the samples of Khetri clastic rocks are generally scattered. 
However, most of the samples in these diagrams fall in or very near to 
field B and C representing continental island arc and active continental 
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margin settings respectively. Therefore, the discriminant diagram based 
of trace elements and geochemical provenance analyses as presented 
herein indicate that (1) the Khetri clastic sediments were most likely 
deposited in an active continental margin tectonic setting and that (2) the 
sediments were mostly derived from the upper crust but with some 
contribution from mantle derived rocks. 
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Fig. 6.11: Ti/Zr vs. La/Sc discriminant diagram for the KCB Pelites and 
quartzites. Fields after Bhatia and Crook, 1986; A = Oceanic Island Arc 
(OIA), B = Continental Island Arc (CIA), C = Active Continental Margin 
(ACM) and D = Passive Margin (PM). 
The amphibolite that occur as synsedimentational sheets and 
possible flows within NKB show strong affinities with subduction related 
basaltic rocks (Raza et al., 2007) and a continental rift developed over a 
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Proterozoic subduction zone in a back arc setting is inferred for their 
emplacement. More mature and eroded magmatic arc especially those 
along continental margin, can shed detritus of mix plutonic and volcanic 
origin in both the fore arc and back arc basins (Dickinson and Suczek, 
1979). Formation of magmatic and protracted rifting in a back arc setting 
is southern part of Delhi belt has been suggested by Ahmad et al. 
(2008b). Therefore, it may be visualized that the Khetri basin of north 
Delhi belt evolved as rifted basin which received cratonic detritus mainly 
from Archean BGC basement from south and relatively younger detritus 
most likely derived from Paleoproterozoic magmatic arcs probably from 
the west (Raza et al, 2007; Ahmad et al, 2008b). Therefore, the Khetri 
copper belt can be interpreted as successor sedimentary sequence 
deposited in an extensional back arc basin in close to 1.8 Ga continental 
margin arc terrains. Thus it is possible that KCB evolved from an active 
continental margin (back arc basin), through extension or rifting, to 
passive continental margin. 
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Chapter 7 
GEOCHEMISTRY OF UNDERLYING NAHARMAGRA 
OUARTZITE AND OVERLYING LOWER VINDHYAN 
SANDSTONE: IMPLICATIONS FOR CRUSTAL 
EVOLUTION DURING ARCHEAN - PROTEROZOIC 
TRANSITION 
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7.1. INTRODUCTION 
It is believed that changes in thermal regime of the earth and style 
of plate tectonics resulted in significant changes in igneous activity, 
sedimentation, metamorphism, atmosphere, ocean and climate across 
Archean - Proterozoic (A-P) boundary. These changes raise the 
possibility of different crust - forming mechanisms during Archean and 
Proterozoic times. This possibility emphasizes the importance of A-P 
boundary where there might be a corresponding compositional change in 
the sedimentary records (e.g. Taylor and McLennan, 1985; McLennan 
and Taylor, 1991). It has been reported that some elements such as REE, 
Th and Sc show abrupt changes in their concentrations in sedimentary 
records across A-P boundary (Taylor and McLennan, 1985; McLennan 
and Taylor, 1991; McLennan and Hemming, 1992). The significant 
among these changes include: 
1. A change in REE patterns in the clastic sediments displaying an 
increase in negative Eu-anomaly. 
2. A tendency for the total REE abundances to increase as well as 
a relative enrichment in LREE. 
3. A decrease in the (Gd/Yb)N ratio from >2.0 to 1.0-2.0 
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4. Parallel to the change in REE patterns is a significant increase 
in Th/Sc ratios from about 0.5 to 1.0. 
5. Decrease in the Sm/Nd ratio from about 0.21 to 0.19. 
Voluminous production of high-K intra crustal granites and 
widespread crust formation at about 2500 Ma has been suggested for -"^' 
above geochemical changes in expanse of komatiite magmatism of 
greenstone association of Archean. 
However, the secular changes across ^ A-P boundary, especially 
concerning the development of Eu minimum have been questioned and 
argued to be a consequence of tectonic control resulting in biased 
sampling (e.g. Gibbs et al., 1986; Condie and Wronkiewicz, 1990; Gao 
and Wedepohl, 1995). Therefore evolutionary changes of upper 
continental crust across A-P boundary should be traced through 
geochemical examination of sedimentary rocks of different ages but of 
similar tectonic associations (Taylor and McLennan, 1985; Gibbs et al., 
1986; Condie, 1993, 1997; Gao and Wedepohl, 1995). Abrupt changes in 
Cr/Th ratio across A-P boundary have been noticed and considered to be 
reflecting the decreasing amount of Komatiites in the Proterozoic (Taylor 
and McLennan, 1985; Condie and Wronkiewicz, 1990; Condie, 1993). 
Although no consensus exists about the importance of the A-P transition 
but komatiites and TTG-type rocks characterize the Archean and their 
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contribution to the sedimentary rock records should be addressed. Condie 
(1993, 1997) suggested that the change in geochemical composition of 
upper crust at A-P boundary can be related to four evolutionary changes 
of earth history viz. (1) Komatiite effect (2) TTG effect (3) subduction 
effect and (4) weathering effect. Out of these four, first three are result of 
cooling of mantle through time. 
The komatiite effect resulted from relatively larger occurrence of 
komatiite magma during Archean. The komatiite effect is preserved in 
Archean sedimentary rock records in the form of higher concentration of 
ferromagnesian elements such as Ni and Cr, flat REE patterns and 
moderate positive Eu anomaly relative to those of Proterozoic. Similarly 
TTG effect has resulted as a consequence of large scale production of 
TTG magma in Archean from partial melting of basaltic magma at high 
pressure conditions where amphibole and garnet Jeft as residual phases. 
The effect resulted due to production of huge amount of granitic magma 
produced by partial melting of .metasomatised mantle wedge particularly 
during late Archean - Early Proterozoic times. The produced magma 
preserved distinct subduction signatures such as LILE enrichment over 
Nb and Ta. During the Proterozoic period, TTG magma produced as a 
result of fractional crystallization of basaltic magma at shallower depth 
(Martin, 1994). However, the TTG magma during Archean was generated 
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by partial melting of wet crust. These genetic changes are recorded in 
terms of HREE and Y depletion in Archean TTG and LILE enrichment in 
Proterozoic granites. The TTG magma of Archean is characterized by 
highly fractionated REE patterns with steep slope and depletion of LILE 
in comparison to Proterozoic granites and TTG. 
y 
In,Aravalli craton a complete record of sedimentary rocks ranging 
in age from Archean to end Proterozoic times is well preserved and 
geological details and age data are available in, literature. These 
characteristics make this terrain ideal for crustal evolution studies. 
However, in the present area the unequivocal Archean clastic sedimentary 
rocks are only quartzites. The pelites are generally absent, if present, they 
are in minor amount, and highly weathered. The Archean quartzite 
referred to as Naharmagra quartzite is considered as undisputed Archean 
clastic sedimentary rocks in this terrain (Roy and Jakhar, 2002). The 
quartzite is best exposed in Mavli area, east of Udaipur city where it is 
intruded by 2828 Ma old amphibolite (Gopalan et al., 1990). Therefore, it 
is considered to be a Mesoarchean cratonic sedimentary assemblage (Roy 
and Jakhar, 2002). The quartzite (meta-arenite) of Paleoproterozoic 
Khetri belt with 1800 Ma age represent a Paleoproterozoic cratonic 
sedimentary sequence that is considered to be equivalent to various linear 
volcano-sedimentary behs of Bhilwara terrain (Deb and Thorpe, 2004). 
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The next younger sedimentary sequence is the lower Vindhyan volcanic -
sedimentary sequence of NE Rajasthan referred to as Semri Group. 
Recent age data suggest that these rocks are of about 1600 Ma old 
(Kumar et al., 2001; Ray et al., 2002; Rasmussen et al., 2002 and Ray et 
al, 2003). Therefore, these three rock sequences ranging in age from 
>2800 Ma (Naharmagra quartzite), through Khetri quartzite (1800 Ma) to 
Lower Vindhyan sandstone (1600 Ma) represent a long part of earth 
history and thus provide a unique opportunity to compare the 
geochemical characteristics of cratonic clastic sedimentary assemblages 
of different ages to trace the temporal geochemical changes in upper 
crustal composition. In the present study the geochemical characteristic of 
Naharmagra quartzite and Lower Vindhyan sandstones are examined and 
compared with those of Khetri quartzite. The geochemical data of these 
rock assemblage generated during the present study are used herein to 
draw meaningful interpretations regarding evolution of continental crust 
in northern part of Indian shield. The aim is to trace the temporal 
•J I 
geochemical changes in composition of upper crust of Aravalli craton 
during A-P transition and draw relevant interpretations in the light of 
modem concepts on evolution of continental crust. 
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7.2. GEOCHEMISTRY OF NAHARMAGRA QUARTZITE (>2800 
Ma) 
Nine samples of Naharmagra quartzites were analyzed for major 
elements, out of which six samples were selected for trace and rare earth 
element analysis. The results are given in Table 7.1. The average major 
element composition of these quartzites is comparable to that of Archean 
cratonic sandstone of Condie (1993). The K20/Na20 ratio of these 
quartzites varies from 0.21 to 5.00 with only one sample having very high 
value of 10.86 (Sample No. 32A). Except this high-K sample (32 A), the 
mean value of K20/Na20 ratio in Naharmagra quartzite is 2.87. However, 
the average of all samples is 3.76 that is still low in comparison to Khetri 
quartzite (avg. 11.04) and Lower Vindhyan sandstone (avg. 18.76). 
The CIA values of Naharmagra quartzites vary from 45 to 77 with 
an average of 63 (Table 7.1). These values suggest that the source area of 
these sediments had only moderate weathering. Many Archean 
sedimentary sequences show CIA values ranging from 80 to 85 
suggesting intense chemical weathering of source area (Hessler and 
Lowe, 2006). The composition of Naharmagra quartzite does not indicate 
extreme chemical weathering during the time of erosion and deposition as 
suggested by some workers (e.g. Hessler and Lowe, 2006). Models 
inferring a high atmospheric partial pressure of CO2 and unusually high 
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Table 7.1: Geochemical composition of Archean Naharmagra 
Quartzite* 
SAMPLE 
No. 
Si02 
TiOz 
AI2O3 
FezOa 
MnO 
MgO 
CaO 
NazO 
K2O 
P2O5 
Sc 
V 
Cr 
Co 
Ni 
Cu 
Zn 
Ga 
Rb 
Sr 
Ba 
Th 
U 
Pb 
Y 
Zr 
Nb 
Mo 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
28A 
93.52 
0.11 
3.21 
0.08 
0.02 
0.02 
0.08 
0.40 
0.73 
0.02 
Sang 
31A 
94.49 
0.16 
2.82 
0.11 
0.02 
0.06 
0.10 
0.17 
0.87 
0.02 
4.34 
120.10 
524.00 
3.47 
12.77 
16.27 
5.80 
5.39 
15.82 
26.56 
22.26 
6.10 
1.09 
6.30 
6.13 
159.28 
2.64 
3.77 
19.72 
39.05 
3.88 
15.28 
2.58 
0.28 
1.96 
0.28 
1.24 
0.21 
0.57 
0.08 
0.43 
0.07 
Sang. 
31C 
84.54 
0.16 
8.40 
0.98 
0.02 
0.44 
0.28 
1.43 
2.17 
0.02 
Fus 
32A 
92.38 
0.16 
3.98 
0.07 
0.02 
0.01 
0.08 
0.12 
1.34 
0.02 
2.63 
121.74 
357.00 
4.72 
10.20 
15.21 
5.95 
4.77 
20.17 
23.40 
69.43 
3.89 
0.79 
6.81 
9.12 
173.19 
1.35 
2.66 
11.62 
28.37 
2.33 
8.96 
1.75 
0.27 
1.47 
0.26 
1.46 
0.30 
0.84 
0.13 
0.76 
0.12 
32B 
95.10 
0.03 
2.06 
0.06 
0.02 
0.06 
0.25 
1.07 
0.23 
0.02 
5.50 
121.90 
278.00 
4.12 
11.22 
15.12 
6.22 
5.22 
15.71 
28.11 
25.22 
7.11 
1.02 
6.72 
6.52 
162.00 
2.56 
3.22 
20.12 
40.02 
4.52 
16.11 
3.21 
0.37 
2.35 
0.36 
2.02 
0.31 
0.67 
0.11 
0.62 
0.08 
33A 
85.58 
0.44 
6.67 
2.90 
0.04 
0.28 
0.15 
0.62 
3.12 
0.06 
M120 
97.08 
0.08 
2.61 
0.52 
0.10 
0.08 
0.15 
0.52 
<0.01 
1.52 
18.85 
119.00 
2.50 
85.00 
8.01 
9.01 
1.82 
24.12 
18.20 
28.00 
2.82 
1.12 
15.20 
5.23 
180.50 
2.00 
21.61 
28.12 
2.39 
9.01 
1.85 
0.16 
0.89 
0.15 
0.80 
0.17 
0.45 
0.06 
0.35 
0.05 
M121 
98.05 
0.07 
0.98 
0.58 
<0.01 
0.07 
0.15 
0.62 
<0.01 
1.02 
15.20 
60.00 
1.80 
45.00 
24.00 
12.00 
6.00 
33.00 
19.00 
20.00 
2.50 
1.90 
22.00 
10.00 
73.00 
4.20 
20.20 
30.30 
2.80 
12.02 
1.70 
0.32 
1.58 
0.28 
1.62 
0.35 
0.98 
0.12 
0.67 
0.08 
M122 
95.02 
0.16 
2.53 
0.10 
0.08 
0.07 
0.18 
0.32 
<0.01 
3.52 
101.30 
325.00 
3.50 
39.25 
15.32 
5.26 
28.20 
20.20 
30.00 
4.21 
1.20 
18.01 
8.25 
120.00 
3.25 
20.22 
40.02 
3.02 
12.20 
2.12 
0.35 
1.80 
0.31 
1.72 
0.36 
1.00 
0.13 
0.70 
0.09 
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Table 7.1: (continued) 
SAMPLE 
No. 
LaN 
CBN 
PrN 
NdN 
SIHN 
EUN 
GdN 
TbN 
DVN 
HON 
ErN 
TlTlN 
YbN 
LUN 
Th/Sc 
Th/U 
La/Sc 
Cr/Th 
Zr/Sc 
Ti/Zr 
Sc/Th 
Co/Th 
Hf 
La/Th 
Sr/Sc 
Rb/Sr 
Si02/Al203 
KzO/NazO 
K2O/AI2O3 
Eu/Eu* 
(LaA'b)N 
(Gd/Yb)N 
(La/Sm)N 
CIA 
CIW 
PIA 
28A 
29.13 
1.84 
0.23 
66.89 
80.00 
75.13 
Sang 
31A 
83.19 
63.81 
40.87 
32.72 
16.87 
4.79 
9.56 
7.41 
4.89 
3.78 
3.47 
3.02 
2.55 
2.80 
1.41 
5.62 
4.54 
85.90 
36.70 
5.95 
0.71 
0.57 
4.08 
3.23 
6.12 
0.60 
33.52 
5.01 
0.31 
0.38 
32.59 
3.74 
4.93 
66.78 
85.84 
80.18 
Sang. 
31C 
10.06 
1.52 
0.26 
61.77 
74.65 
67.97 
Fus 
32A 
49.01 
46.35 
24.54 
19.18 
11.41 
4.62 
7.13 
6.90 
5.76 
5.34 
5.10 
5.02 
4.46 
4.88 
1.48 
4.92 
4.42 
91.68 
65.95 
5.70 
0.67 
1.21 
4.44 
2.98 
8.91 
0.86 
23.20 
10.86 
0.34 
0.51 
10.98 
1.60 
4.29 
68.92 
92.13 
88.13 
32B 
84.89 
65.39 
47.58 
34.50 
20.98 
6.38 
11.44 
9.63 
7.95 
5.48 
4.05 
4.31 
3.65 
3.15 
1.29 
6.97 
3.66 
39.10 
29.45 
1.28 
0.77 
0.58 
4.15 
2.83 
5.11 
0.56 
46.20 
0.21 
0.11 
0.41 
23.28 
3.80 
4.05 
45.53 
48.14 
44.98 
33A 
12.83 
5.01 
0.47 
58.83 
83.75 
71.81 
M120 
91.18 
45.95 
25.16 
19.29 
12.09 
2.76 
4.33 
4.01 
3.15 
3.00 
2.72 
2.35 
2.06 
1.97 
1.86 
2.52 
14.22 
42.20 
118.75 
2.65 
0.54 
0.89 
4.63 
7.66 
11.97 
1.33 
37.20 
3.47 
0.20 
0.38 
44.29 
2.10 
7.54 
73.20 
86.93 
83.92 
M121 
85.23 
49.51 
29.47 
25.74 
11.11 
5.52 
7.69 
7.49 
6.38 
6.18 
5.92 
4.71 
3.94 
3.15 
2.45 
1.32 
19.80 
24.00 
71.57 
5.74 
0.41 
0.72 
1.87 
8.08 
18.63 
1.74 
100.05 
4.13 
0.63 
0.60 
21.63 
1.95 
7.67 
48.38 
72.37 
45.20 
M122 
85.32 
65.39 
31.79 
26.12 
13.86 
6.03 
8.76 
8.29 
6.77 
6.36 
6.04 
5.10 
4.12 
3.54 
1.20 
3.51 
5.74 
77.20 
34.09 
7.98 
0.84 
0.83 
3.08 
4.80 
5.74 
1.40 
37.56 
1.78 
0.13 
0.55 
20.72 
2.13 
6.16 
76.67 
85.66 
83.75 
Major elements in oxide wt%, trace elements in ppm; total Fe as Fe203; 
<= below detection; Eu/Eu* = {EuN/(SmN*GdN)'^ ^}; Hf values can be 
calculated as Hf = Zr/39. LaN = Chondrite Normalized 
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surface temperatures, including a hot ocean, during Archean times are not 
•7' • 
supported"geochemistry of Naharmagra quartzites. 
Compared to Average Upper Continental Crust (AUCC) the Naharmagra 
quartzites are considerably depleted in MgO, CaO, Sr, Ba, Na20, K2O, 
Rb and Y and highly depleted in Fe203^ '^  as evident from UCC -
normalized spidergram (Fig. 7.1 A). However, the Cr content is high 
probably due to presence of fuchsite. Pronounced Na, Ca and Sr depletion 
in figure 7.1 suggest that the source rocks of these quartzite suffered 
continental weathering (Nesbitt et al., 1980). Although Cr is high other 
ferromagnesian trace elements such as Ni, Co and Sc contents are low 
relative to AUCC (Taylor and McLennan, 1985). 
These Archean quartzite exhibit nearly parallel REE patterns (Fig. 
7.2 A) which are characterized by high (LafYb)^ ratio ranging from 10.98 
to 44.29 with an average of 25.58 and distinct Eu anomalies (avg. Eu/Eu* 
= 0.47). 
The decreasing trend as shown by K20/Na20 ratio (Naharmagra 
quartzite = 3.76, Khetri quartzite = 11.04 and Lower Vindhyan sandstone 
= 18.76) of these clastic rocks is also mimicked by Rb/Sr ratio. The 
average Rb/Sr ratio varies from lowest 1.08 in Naharmagra quartzite to 
intermediate 1.37 in Khetri quartzite to highest 1.44 in Lower Vindhyan 
sandstone. The differences in composition of these Archean quartzites 
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Fig: 7.1: AUCC-normalized multielement spidergrams of Archean 
Naharmagra quartzites (A) and Lower Vindhyan sandstone (B). Note 
strong depletion K2O Na20, Sr, CaO and Fe203. Normalizing values after 
Taylor and McLennan (1985). 
Chapter 7 135 
A 
1000 I 
— • — 
- X - -
- - 5 t e -
— - 4 -
-Sang 31A 
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Fig. 7.2: Chondrite-normalized rare earth element plots for Archean 
Naharmagra quartzites (A) and Lower Vindhyan sandstone (B). Note 
REE fractionation and flat HREE patterns. For the reference patterns of 
average T (TTG) (Raza et al., 2008) is used with Archean Naharmagra 
quartzites and patterns of average Berach Granite (Raza et al., 2008) is 
used with Lower Vindhyan sandstone. Normalizing values after Sun and 
McDonough(1989). 
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with their Proterozoic counterparts in terms of K20/Na20 and Rb/Sr 
ratios call are demonstrated in figure 7.6. The increasing trend is shown 
by these ratios call for a Na20 rich TTG type rock in their source terrain, 
the amount of which decreased with time. In Aravalli craton about 3200 
million year old TTG have been reported from BGC basement by many 
workers (e.g. Gopalan et al., 1990; Roy and Jakhar, 2002 and references 
therein). 
In compatible vs. incompatible element ratio plots, particularly 
Th/Sc versus Sc, La/Sc versus Sc/Th, Co/Th versus La/Sc diagrams (Fig. 
6.6, 6.7A, B and 6.8) and La-Th-Sc ternary systematics (Fig. 6.9A) the 
samples of Naharmagra quartzite plots very near to TTG end member, 
away from BGC amphibolites or in other words mafic end member. In 
La-Th-Sc triangular diagram the samples of Naharmagra quartzite plot 
near to La apex indicating a source enriched in La and depleted both in 
Th and Sc. This characteristic, along with low K20/Na20 and Rb/Sr and 
high (LaAT3)N and (Gd/Yb)N ratios, is consistent with their derivation 
from a source terrain containing TTG. 
In (La/Yb)N versus (Yb)N plot (Fig. 7.4 A) the Naharmagra 
quartzite plot in a high (La/Yb)N and low (Yb)N space, that is a 
characteristic feature of TTG. In this plot the Proterozoic 
quartzites/sandstones occupy a different space with low (La/Yb)N and 
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high (Yb)N values compared to Archean Naharmagra quartzite suggesting 
their derivation from source terrain dominated by granitic roclcs. 
In La/Th versus (Yb)N diagram (Fig. 7.4 B) the Archean 
Naharmagra quartzite again occupy a distinct field representing high 
La/Th ratio and low (Yb)N contents. The high values of La/Th, ratio of 
these quartzites are due to high La and low Th contents, which are 
characteristic feature of Archean TTG (Condie, 1993). 
100 
10 1 
1 , 
0.1 '. 
0.01 
0.01 
I I I I I I I I I I I I I •' ' 
0.1 1 
Rh/Sr 
i I I I 11 i I I I I I I r 
10 100 
• KPelites KQtz 
A LVSts + Arch Qtz J 
Fig. 7.3: Rb/Sr vs. KsO/NajO plot for KCB quartzites, Lower Vindhyan 
sandstone and Archean quartzites. 
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Fig. 7.4: (LaAT))N vs. (Yb)N (A) and La/Th vs. (Yb)N (B) plot for KCB 
quartzites, Lower Vindhyan sandstone and Archean quartzite from BGC. 
The Archean quartzite plot in high (LaAT))N, La/Th and low (Yb)Niields 
that is characteristic feature of TTG. Whereas the Proterozoic sediments 
plot in low (LaAT))N, La/Th and high (Yb)N fields which is characteristics' 
featafes of late/post Archean granites. 
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Therefore, the geochemical parameters such as (La/Yb)N, 
K20/Na20 and Rb/Sr ratios, La/Sc - Sc/Th, Co/Th - La/Sc, Th/Sc - Sc, 
La/Th - (Yb)N, (La/Yb)N - (Yb)N systematics and REE patterns of 
Naharmagra quartzite overwhelmingly suggest that these Archean clastic 
rocks were derived from a source terrain consisting predominantly of 
TTG component. Although the negative Eu anomaly as displayed by 
Naharmagra quartzite is not a characteristic feature of TTG, the TTG 
gneisses of BGC of Aravalli Craton display minor Eu anomalies as 
shown in figure 1.2k, where REE pattern of these gneisses is shown to be 
perfectly parallel to the patterns of Naharmagra quartzite. 
7.3. GEOCHEMISTRY OF LOWER VINDHYAN SANDSTONE 
(LVS; -1600 Ma) 
Seven samples of Lower Vindhyan sandstones (LVS) were 
analyzed for major, trace and rare earth elements in order to identify 
temporal changes of upper crustal composition. The data are given in 
Table 7.2 and important geochemical characteristics are discussed in the 
following paragraphs. 
The LVS vary in their SiOi contents from 76.57 to 97.20% (avg. 
91.01%) with lower most sandstone unit referred as Khardeola sandstone 
having lowest (avg. 85.56%) and upper most Jiran sandstone with highest 
(avg. 93.84%) amount of Si02. These sandstones have highly variable 
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Table 7.2: Geochemical composition of Lower Vindhyan sandstone 
SAMPLE 
Si02 
Ti02 
AI2O3 
FezOa 
MnO 
MgO 
CaO 
NazO 
K2O 
P2O5 
Sc 
V 
Cr 
Co 
Ni 
Cu 
Zn 
Ga 
Rb 
Sr 
Ba 
Th 
U 
Pb 
Y 
Zr 
Nb 
Mo 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
Kd. AS 70 
94.54 
0.03 
1.39 
0.18 
0.02 
0.09 
0.08 
0.02 
0.85 
0.02 
4.32 
92.00 
110.00 
60.00 
35.00 
<4.00 
18.00 
14.00 
75.00 
6.25 
3.20 
11.00 
90.00 
2.00 
8.50 
16.80 
1.98 
5.04 
1.50 
0.25 
1.02 
0.20 
0.97 
0.19 
0.59 
0.12 
0.40 
0.09 
Kd87A 
76.57 
0.31 
9.20 
4.06 
0.02 
1.18 
0.22 
0.13 
6.31 
0.07 
4.47 
52.61 
150.00 
20.41 
31.20 
47.11 
15.03 
10.31 
157.71 
40.42 
352.90 
7.29 
1.24 
10.37 
9.09 
64.96 
2.25 
0.89 
19.51 
41.16 
3.79 
14.70 
2.85 
0.77 
2.13 
0.32 
1.69 
0.33 
0.93 
0.13 
0.77 
0.12 
Ji AS 55 
91.76 
0.08 
2.54 
3.12 
0.03 
0.41 
0.11 
0.11 
0.05 
<0.01 
3.50 
110.00 
80.00 
100.00 
24.00 
5.00 
4.00 
10.00 
50.00 
<3.40 
1.40 
11.00 
92.00 
4.00 
5.20 
12.80 
1.12 
4.81 
0.88 
0.20 
0.65 
0.11 
0.63 
0.14 
0.39 
0.05 
0.38 
0.07 
Ji 132B 
95.92 
0.06 
0.93 
0.50 
0.02 
0.02 
0.08 
0.04 
0.02 
0.02 
1.66 
112.70 
13.00 
34.07 
19.54 
17.79 
4.15 
<2.45 
1.48 
23.41 
68.86 
<1.49 
0.51 
6.30 
4.11 
25.26 
0.61 
1.11 
5.60 
13.79 
1.23 
4.91 
0.98 
0.20 
0.75 
0.12 
0.66 
0.13 
0.37 
0.06 
0.34 
0.05 
Sawa 
154D 
90.09 
0.11 
5.86 
0.02 
0.02 
0.10 
0.09 
0.12 
3.85 
0.02 
12.05 
161.99 
8.00 
16.20 
11.28 
14.55 
2.85 
6.57 
39.05 
16.08 
89.75 
<3.68 
0.75 
17.09 
7.94 
72.79 
2.54 
1.42 
10.44 
19.97 
1.91 
7.45 
1.59 
0.34 
1.23 
0.21 
1.22 
0.26 
0.77 
0.12 
0.71 
0.11 
Sawa AS 
67 
91.00 
0.06 
6.06 
0.13 
0.02 
0.23 
0.42 
0.10 
0.55 
<0.01 
3.62 
100.00 
75.00 
80.00 
20.00 
6.00 
13.00 
7.00 
60.00 
5.20 
1.90 
12.00 
63.00 
2.00 
11.00 
20.80 
2.12 
7.95 
1.98 
0.38 
1.33 
0.31 
1.12 
0.22 
0.75 
0.11 
0.60 
0.10 
Sawa AS 
79 
97.20 
0.08 
1.51 
0.16 
0.02 
0.15 
0.17 
0.15 
0.10 
0.02 
3.20 
115.00 
70.00 
75.00 
18.00 
<3.00 
3.00 
17.00 
95.00 
8.20 
3.50 
9.00 
22.00 
3.00 
9.00 
18.75 
2.01 
6.90 
1.75 
0.35 
1.22 
0.29 
1.02 
0.19 
0.65 
0.08 
0.50 
0.08 
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Table 7.2: (continued) 
LaN 
CGN 
PrN 
NdN 
SITIN 
EUN 
GdN 
TbN 
DYN 
HON 
EPN 
TmN 
YbN 
LUN 
Th/Sc 
Th/U 
La/Sc 
Cr/Th 
Zr/Sc 
Ti/Zr 
Sc/Th 
Co/Th 
Hf 
La/Th 
Sr/Sc 
Rb/Sr 
Si02/Al203 
KzO/NaaO 
K2O/AI2O3 
Eu/Eu* 
(La/Yb)N 
(Gd/Yb)N 
(La/Sm)N 
CIA 
CIW 
PIA 
Kd. AS 70 
35.86 
27.45 
20.84 
10.79 
9.80 
4.31 
4.96 
5.35 
3.82 
3.36 
3.56 
4.71 
2.35 
3.54 
1.45 
1.95 
1.97 
17.60 
20.83 
2.00 
0.69 
9.60 
2.31 
1.36 
3.24 
1.29 
68.01 
42.50 
0.61 
0.62 
15.24 
2.11 
3.66 
55.85 
88.62 
72.47 
Kd87A 
82.31 
67.25 
39.84 
31.47 
18.65 
13.31 
10.37 
8.61 
6.67 
5.87 
5.62 
5.22 
4.55 
4.61 
1.63 
5.91 
4.36 
20.56 
14.53 
28.79 
0.61 
2.80 
1.67 
2.67 
9.04 
3.90 
8.32 
49.16 
0.69 
0.96 
18.08 
2.28 
4.41 
55.30 
93.84 
79.69 
Ji AS 55 
21.94 
20.92 
11.79 
10.30 
5.75 
3.45 
3.16 
2.94 
2.48 
2.47 
2.36 
1.96 
2.24 
2.76 
0.97 
2.43 
1.49 
23.53 
26.29 
5.21 
1.03 
29.41 
2.36 
1.53 
2.86 
0.40 
36.13 
0.45 
0.02 
0.81 
9.82 
1.42 
3.81 
85.37 
86.95 
86.71 
Ji 132B 
23.63 
22.52 
12.94 
10.50 
6.42 
3.41 
3.64 
3.29 
2.61 
2.28 
2.22 
2.31 
2.02 
2.13 
0.90 
2.90 
3.38 
8.72 
15.26 
13.16 
1.11 
22.85 
0.65 
3.76 
14.15 
0.06 
103.38 
0.46 
0.02 
0.71 
11.71 
1.81 
3.68 
79.96 
81.48 
81.12 
Sawa 
154D 
44.03 
32.63 
20.07 
15.95 
10.39 
5.78 
5.98 
5.64 
4.80 
4.52 
4.63 
4.59 
4.17 
4.49 
0.31 
4.89 
0.87 
2.17 
6.04 
8.88 
3.27 
4.40 
1.87 
2.83 
1.33 
2.43 
15.37 
32.61 
0.66 
0.73 
10.56 
1.43 
4.24 
56.45 
94.37 
82.85 
Sawa AS 
67 
46.41 
33.99 
22.32 
17.02 
12.94 
6.55 
6.47 
8.29 
4.41 
3.89 
4.53 
4.31 
3.53 
3.94 
1.44 
2.74 
3.04 
14.42 
17.40 
5.70 
0.70 
15.38 
1.62 
2.12 
1.93 
1.86 
15.02 
5.50 
0.09 
0.72 
13.15 
1.83 
3.59 
79.90 
86.71 
85.48 
Sawa AS 
79 
37.97 
30.64 
21.16 
14.78 
11.44 
6.03 
5.94 
7.75 
4.02 
3.36 
3.93 
3.14 
2.94 
3.15 
2.56 
2.34 
2.81 
8.54 
6.88 
21.77 
0.39 
9.15 
0.56 
1.10 
5.31 
0.18 
64.37 
0.67 
0.07 
0.73 
12.91 
2.02 
3.32 
69.45 
73.09 
71.60 
Major elements in oxide wt%, trace elements in ppm; total Fe as Fe203; 
l/2i 
<= below detection; Eu/Eu* = {EuN/(SmN*GdN) }; Hf values are 
calculated as Hf = Zr/39. LaN = Chondrite Normalized 
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K20/Na20 (Khardeola Sst = 45.83; Sawa Sst = 12.93 and Jiran Sst -
0.46; avg. = 18.76) and Si02/Al203 (Khardeola Sst = 38.17; Sawa Sst = 
31.58 and Jiran Sst = 69.75; avg. 44.37) ratios. Khardeola sandstone is 
distinct in having highest amount of MgO and FeO. The Khardeola 
sandstone also contains highest concentrations of ferromagnesian element 
such as Ni, Cr, Co and Sc and large ion lithophile element, such as K2O 
and Th. The LVS exhibit large variation in Th/Sc (0.31 - 2.56) and La/Sc 
(0.87 - 4.36) ratios. In comparison with standard cratonic sandstone of 
Condie (1993), the LVS are exhibit almost similar contents of transition 
elements (Cr, Ni), LITE (Rb, Sr, Ba, and Th) and HFSE. 
In general, the REE patterns of LVS are uniform with (LaAfb)N = 
9.82 - 18.08 (avg. 13.07) and moderate negative Eu anomalies (Eu* = 
0.62 - 0.96, avg. 0.75). Decreasing values of {L^lYh)^ and (GdAT3)N 
from older (Khardeola) to youngest (Jiran) sandstone units of Lower 
Vindhyan succession indicate decreasing amount of debris from a HFSE 
depleted source rocks such TTG assemblage. 
In A-CN-K diagrams (Fig. 7.5) most of the samples of LVS plot 
parallel and very near to A-K lines implying that their source area had 
undergone severe weathering corresponding to the advance weathering 
profile. One sample of Khardeola sandstone and two of Jiran sandstone 
plot on gabbro trend. Also, two samples of Sawa sandstone plot along the 
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Fig. 7.5: A-CN-K (Al203-CaO*+Na20-K20) ternary plot (Nesbitt and 
Young, 1984b) for the Archean quartzite and Lower Vindhyan sandstone, 
whereas CaO* in the silicate fraction of rocks. Nos. 1 to 6 denote 
compositional trend of initial weathering profile of various rock types, 1-
Gabbro, 2- Tonalite, 3- Diorite, 4- granodiorite, 5- Granite and 6-
compositional trend for advance weathering profile. CIA = 
[Al203/(Al203+CaO*+Na20+K20)] x 100. 
compositional trend of weathered tonalite. The distribution of plots of LV 
sandstone in A-CN-K diagram suggests their derivation from a mix 
source comprising felsic and mafic components. The cihemical Index of 
alteration (CIA) values of LVS are not very high (avg. 68.90) indicating 
that their source rock underwent moderate chemical weathering. 
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The plots of LVS in Th/Sc-Sc, La/Sc-Sc/Th, Co/Th- La/Sc, and La-
Th-Sc diagrams (Fig. 6.6, 6.7 and 6.9A) suggest that they have been 
derived from a source consisting predominantly of granitic rocks with 
lesser amount of TTG and mafic end members. The possibility is further 
attested by considering their REE characteristics. The LVS exhibit LREE 
enriched patterns parallel to the pattern of average Berach granite. The 
(La/Yb)N ratio of these sandstones ranges from 9.82 to 18.08 with an 
average of 13.07 that is much lower than those of Naharmagra quartzite 
(avg. 25.58) and Khetri quartzite (avg. 20.15). The high values of 
KiO/NaiO (avg. 18.76) and low values of La/Th (avg. 2.20) ratios of 
LVS in comparison to Archean Naharmagra quartzite (K20/Na20 = 3.75, 
La/Th = 4.93 respectively) and Paleoproterozoic Khetri quartzite 
{K^iOfHdiiO = 11.04 and La/Th = 3.40 respectively) along with relatively 
higher values of Rb/Sr ratio (avg. 1.37) suggest the derivation of these 
sandstone from a source terrain containing relatively more granitic rocks 
than the source terrain from which the former two were derived. 
7.4. CRUSTAL EVOLUTION ACROSS A-P BOUNDARY 
One of the most important change observed in the geochemical 
characteristics of clastic rocks across A-P boundary is a change in their 
REE patterns involving the appearance of a significant depletion in Eu 
and also a tendency for the total REE abundances to decrease, as well as a 
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relative enrichment in the LREE. The Archean quartzite of present area 
referred to as Naharmagra quartzite show steep REE patterns with 
average (La/Yb)N ratio of 25.58 and high negative Eu anomalies (Eu* = 
0.47) contrary to the Paleoproterozoic Khetri quartzite which display 
relatively less fractionated REE patterns with average (La/Yb)N ratio of 
20.15 and less prominent Eu anomalies (Eu* = 0.83). This phenomenon is 
not in agreement with that as reported by Taylor and McLennan (1985, 
1995). These authors and their co-workers (e.g. Taylor and McLennan, 
1985, 1995; McLennan et al., 1990, McLennan and Taylor, 1991) have 
long been maintained that the clastic rocks of Archean age are 
characterized by flat REE patterns with positive anomalies at Eu. For post 
Archean clastic rocks these authors suggested that they display 
fractionated REE patterns with large negative Eu anomalies. These 
features have been attributed to the more mafic nature of the Archean 
crust and the dominance of intracrustal granites in post Archean upper 
crust. However, the geochemical data and detailed discussion as 
presented in this work are not in agreement with the observations of 
Taylor and his co-workers. The present work has important implications 
on change of upper crustal composition from Mesoarchean (>2800 Ma) to 
late Paleoproterozoic (~ 1600 Ma) period in the northwestern part of 
Indian plate. As evidenced from the geochemistry of Archean clastic 
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rocks from the studied area the Archean crust appears to have been 
composed chiefly of TTG along with an Archean granitic component. 
The geochemical characterization of Khetri belt quartzite suggests 
significant contribution from granitic rocks as well as a contribution from 
TTG. The geochemistry of late Paleoproterozoic Lower Vindhyan 
sandstone suggests that a dominandy high K-granitic (-2.5-2.6 Ga) upper 
continental crust provided the debris for these clastic sedimentary fills. 
Therefore, the present study suggests that in northwestern part of Indian 
shield the upper crust evolved from TTG dominated composition during 
Archean (-2.8 Ga) to a granitic dominated composition during later part 
of Paleoproterozoic (-1600 Ma) or Mesoproterozoic. The similar trend of 
crustal evolution has been observed by Absar (2005) during his studies on 
geochemistry of clastic sedimentary rocks of Bundelkhand block (ranging 
in age from Mesoarchean to Mesoproterozoic). 
Therefore, the compositional changes across Archean - Proterozoic 
boundary in Aravalli-Bundelkhand craton are characterized by an 
evolutionary trend showing TTG dominated Mesoarchean upper crust to 
granitic dominated late Paleoproterozoic / Mesoproterozoic upper crust. 
The following geochemical parameters signify the changes (Fig. 7.6). 
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1. K20/Na20 ratio changed from 3.75 during Archean (-2800 Ma) to 
11.04 during Paleoproterozoic (-1800 Ma) to finally 18.76 during 
late Paleoproterozoic / Mesoproterozoic. 
2. Rb/Sr ratio follows K20/Na20 ratio showing an increasing trend 
from 1.08 to 1.37 and finally to 1.44 from Mesoarchean to late 
Paleoproterozoic. 
3. The concentration of large ion lithophile elements (LILE) increased 
from Mesoarchean to late Paleoproterozoic / Mesoproterozoic. 
This phenomenon is indicated by changing trend of La/Th ratio 
that decreases from 4.93 in Archean to 3.40 in Paleoproterozoic to 
2.20 in late Paleoproterozoic / Mesoproterozoic. This signifies the 
metasomatic addition of LILEs that is governed by "subduction 
effect", where excess LILEs are introduced in metasomatised 
mantle wedge. 
4. The change in (La/Yb)N ratio from 25.58 during Archean to 20.15 
during Paleoproterozoic to 13.07 during late Paleoproterozoic / 
Mesoproterozoic indicate that REE fractionation was changed and 
patterns of REE flattened with time. This temporal evolution of 
REE patterns is exactly opposite to that reported by Taylor and 
McLennan (1985). Therefore "TTG effect" was dominating in this 
area instead of "komatiite effect". 
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5. Decreasing (Gd/Yb)n ratios from 2.55 in Archean to 2.46 during 
Paleoproterozoic to 1.84 late Paleoproterozoic / Mesoproterozoic 
indicate decreasing role of garnet in the generation of felsic 
magma. 
Our geochemical data and discussion presented above is consistent 
with the model proposed by Lopez et al., (2006) for the evolution of early 
continental crust. These authors suggested that the petrogenetic evolution 
of Archean crust initiated by progressive cooling of the earth. The TTG 
magma was produced by melting of down going plate at relatively 
shallower depth (P<10 kbar) without extraction with the mantle during 
ascent. Further cooling of the earth favoured an increase in the dip of 
subducting plates. This phenomenon favoured partial melting of basaltic 
rocks at higher depth (P<10 kbar) and interaction of TTG magma with the 
overlying mantle wedge. At Archean-Proterozoic boundary, large amount 
of K-granite magma produced probably by interaction between hydrous 
sanukitoid magma and tonalitic crust. The TTG with positive Eu 
anomalies in their REE patterns and sanukitoid signatures in Berach 
Granite of Aravalli craton have been recently identified by Raza et al. 
(personal communication). 
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/ 
In view of this it may be visualized that atleast northern part of 
Indian shield evolved from a TTG dominated crust during Archean to 
granitic dominated crust during late Paleoproterozoic / Mesoproterozoic. 
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Fig. 7.6: The Geochemical parameters showing compositional evolution 
of upper continental crust in Aravalli region of north India during the 
period from 2.8 Ga and 1.6 Ga. Note decreasing trends shown by 
(LaAn?)^, (GdAT))^ and La/Th ratios and increasing trends shown by 
K20/Na20 and Rb/Sr ratios. The temporal change shown by different 
ratios together suggest evolution of upper continental crust of Aravalli 
craton from TTG dominated composition during Mesoarchean to granite 
dominated composition during the late Paleoproterozoic 
/Mesoproterozoic times. 
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SUMMARY AND CONCLUSIONS 
The north western margin of Indian shield is marked by the 
presence of about 800 km long Aravalli - Delhi orogenic belt in the 
Aravalli mountains of Rajasthan. This NE-SW trending orogenic belt is 
the largest tectonic feature in NW and consists primarily of an Archean 
basement referred to as Banded Gneissic Complex or BGC (Heron, 
1953), a number of linear belts of supracrustal rocks representing Paleo to 
Mesoproterozoic, older Aravalli and younger Delhi Supergroups and non-
linear sedimentary basins hosting Vindhyan and Marwar Supergroups. 
The 3.3 Ga old BGC basements (Gopalan et al., 1990) represent the 
oldest cratonic nucleus of the northwestern Indian shield and form the 
basement for all the Proterozoic cover sequences. The main constituents 
of BGC are gneisses of different types including TTG gneisses, granitic 
bodies, amphibolites and metasediments. The latter two types are minor 
components occurring as enclaves which are considered as fragments of 
greenstone sequences. The metasediments are generally represented by 
mappable units of about 2800 Ma old quartzite (Roy et al., 2000). 
The Aravalli - Delhi fold belt is divisible into two segments 
occurring to the south and north of Ajmer city (Fig. 1.2). The southern 
part is broadly constituted by three sub-belts which are from east to west: 
the Bhilwara Belt and the Udaipur-Jharol Belt of the Aravalli Supergroup 
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and South Delhi Belt of the Delhi Supergroup. On the other hand the 
northern part of this orogenic belt is considered to consist entirely of 
rocks of the Delhi Supergroup occurring in three sub-parallel basins (Fig 
1.3). These, from east to west are the Bayana Basin, the Alwar Basin and 
the Khetri Basin. The recently published geochronological database (Deb 
and Thorpe, 2004) suggest that the volcanic - sedimentary fill of these 
basins is about 1800 Ma old. The eastern fringe of Aravalli - Delhi belt is 
marked by the presence of western margin of Great Vindhyan basin of 
north Indian shield. In this region the rocks of Vindhyan Supergroup are 
represented by about 1600 Ma old volcanic - sedimentary rocks of Lower 
Vindhyan Group. The sedimentary rocks are shales and^  sandstones with 
minor limestone and conglomerate. 
A continuous sedimentary record ranging in age from Mesoarchean 
to end-Proterozoic is available in Aravalli cratonic block. Therefore, it is 
a quite good study area for geochemical investigations on sedimentary 
rock records particularly of Precambrian age. However, these 
sedimentary rocks have not been studied for their geochemistry in the 
past. 
The present study is first attempt to present major, trace and rare 
earth element data of the sedimentary rocks of Khetri Copper Belt (1800 
Ma) and also of underlying -2800 Ma old Archean quartzite 
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(Naharmagra), and overlying lower Vindhyan sandstone (1600 Ma). 
More emphasis is given to clastic sedimentary rocks of Khetri copper belt 
comprising pelites (schists) and quartzites (meta-arenites). The quartzites 
(meta-arenites) of Khetri sedimentary fill are also studied for detailed 
qualitative petrographical analysis. The generated geochemical data in 
combination with petrographical data are utilized to constrain and locate 
their provenance and also weathering conditions, paleoclimate, and 
tectonic setting prevailing at the time of their deposition. The 
geochemical characteristics of Khetri quartzites (~ 1800 Ma) are 
compared with those of underlying Achaean quartzite (~ 2800 Ma) and 
overlying lower Vindhyan sandstones (~ 1600 Ma) in terms of various 
geochemical parameters of petrogenetic significance such as K20/Na20, 
Rb/Sr, La/Th, (La/Yb)N and (Gd/Yb)N ratios. The interpretations derived 
from geochemical data are utilized to determine the evolutionary trend of 
early crust in northern part of Indian shield particularly across the 
Archean - Proterozoic boundary and also the changing conditions of 
climate through geological times. 
Some major observations and inferences based on the present 
investigations are as follows: 
1. In the Qt-F-L and Qm-F-Lt ternary diagrams of Dickinson et al. 
(1983) the analysed samples of Khetri belt quartzite (meta-arenites) plot 
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in the fields of craton interior and recycled orogen. The overall analysis 
of petrofacies data suggests that the sediments of KCB were derived from 
relatively low lying granitoid and gneissic sources, supplemented by 
recycled sands from associated pre-existing sediments of Archean age. 
However, such Archean sequences are meager in Archean basement 
complex of Rajasthan. 
2. Linear relationship between AI2O3 and Si02, and AI2O3 and K2O 
suggest that the clastic sediments of KCB are mixture of quartz and illite 
end members. 
3. Positive correlation between FeO and Ti02 contents of KCB 
sediments suggest that iron retained in paleoweathering profile in an 
oxygenated atmosphere. 
4. In AUCC-normalized multi-element spidergram, both the pelitic 
rocks and quartzites of KCB, display strong depletion in CaO, Na20, Sr 
and Ba suggesting that their source rock suffered continental weathering. 
5. Th/U ratios of clastic rocks of KCB are above 4, suggesting that 
their source rocks suffered moderate weathering. 
6. The REE patterns of KCB pelites are parallel whkh. are paraM to 
4-
the patterns of associated quartzites. However, 'quartzites have 
comparatively lower concentrations of total REE due to quartz dilution. 
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7. The KCB pelites and quartzites are characterized by highly 
fractionated LREE patterns with high (La/Yb)N and moderate negative Eu 
anomalies. The average (La/Yb)N value of KCB pelites (15.77) is nearly 
two times to that of NASC (7.17) and PAAS (8.2). These high values call 
for a TTG component in their source terrain. 
8. The average CIA values of KCB pelites and quartzites are 66 and 
62, average CIW values are 83 and 76 and average PIA values are 79 and 
72 respectively. The nearly identical values of these geochemical 
parameters suggest that the parent rocks of both of these rock types were 
subjected to s^ame weathering conditions. Also, these moderate values do 
not support strong chemical weathering of their source terrain. Moderate 
weathering is also supported by Al203-Ti02 correlation and Th/U ratios. 
9. Average ICV (Index of compositional variability = Fe203 + K2O + 
Na20 + CaO + MgO + TiOj / AI2O3) of the KCB pelites are about 1 and 
that of quartzite is about 8.91 suggesting that these sediments are 
generally moderately matured and have been mostly derived from first 
cycle input. However, presence of samples with ICV < 1 suggest periodic 
input of highly matured sediments. 
10. Major element composition of clastic rocks of KCB particularly the 
K20/Na20 vs. Si02, Fl vs. F2 discrimination fiinction diagrams of Roser 
and Korsch (1986, 1988) and Si02/Al203 vs. K20/NaO plot, indicate their 
Chapter 8 155 
derivation from a felsic dominated source with minor inputs from pre-
existing sedimentary rocks and mafic bodies. 
11. Relationship between ratios of source indicator elements such as 
Th/Sc-Zr/Sc systematics indicates the derivation of Khetri elastics from a 
mixed source consisting ^igneous rocks predominantly of felsic 
composition with variable but minor amount of pre-existing sedimentary 
sequences. 
12. TiOi versus Zr and Th/Sc versus Cr/Th ratio-ratio plots suggest 
that the Khetri belt sediments were derived from a mix felsic and mafic 
source with dominance of granitic components. However, samples of 
northern part of Khetri belt suggest their derivation from a source having 
relatively more api&iint of mafic components or mixing of an additional 
amount of mafic debris. 
13. When the data of Khetri belt sediments are plotted in Th/Sc vs. Sc, 
La/Sc vs. Sc/Th and Co/Th vs. La/Sc systematics along with available 
data of BGC components such as TTG gneisses (T), Berach Granite (BG) 
and mafic enclaves (M), most of their samples fall ^ an intermediate 
position between Berach Granite and Mafic enclaves supporting their role 
as end member components. However, NKB quartzite plot more nearer to *'-
mafic end member implying more mafic source of these quartzite, than 
other clastic rocks. 
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14. The geochemical features such as high (La/Yb)N ratio (15.77), 
moderate Eu-anomalies (Eu/Eu* = 0.79) and fractionated HREE with 
(Gd/Yb)N = 2.12 of Khetri belt clastic sedimentary rocks are unlikely to 
be generated by a felsic source consisting solely of granitic rocks. 
Therefore, a contribution from TTG type component is indicated. 
15. La-Th-Sc ternary plot suggest that the derivation of Khetri belt 
sediments from a source consisting predominantly of granite and TTG 
gneisses with subordinate amount of mafic rocks. Here also the NKB 
quartzites show more mafic rocks in their source or an additional supply 
of mafic debris. 
16. The geochemical provenance analysis identifies a number of 
possible end member components that include granite, TTG, mafic 
enclaves and minor pre-existing sediments. The lithologies identified as 
end members have striking similarities with those of BGC basement 
which extensively occur to the south of Khetri basin. However, the 
sedimentary debris of northern part of Khetri belt was not only derived 
r 
from Archean BGC cratonic basement^ also and more significantly from 
Paleoproterozoic magmatic rocks from adjacent area lying to the west. 
17. The modeling based on REE concentrations of different end 
members suggests that average Khetri elastics represent mixture of 
sediments derived from a provenance consisting of 50% Berach granite, 
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35% mafic rocks and 15% TTG gneisses of BGC basement. The REE 
patterns of average Khetri elastics are perfectly matched with modeled 
REE patterns. However, 35% mafic rocks in the source terrain as 
revealed by REE modeling are not consistent with field observation. The 
mafic rocks constitute only a minor volume of the BGC. Therefore, it is 
suggested that the Khetri basin might have received some mafic rich 
debris from local sources in addition to that supplied by BGC basement. 
The most likely source for this locally supplied mafic rich material may 
be the magmatic arcs which are thought to be formed at the time of Khetri 
basin sedimentafion. 
18. The geochemical data suggest a continental island arc and/or active 
continental margin setting as the more probable geodynamic scenario for 
o 
the deposition of the Khetri belt sediments. In this context a back ar^ 
setting can account for the mixed nature of the inferred source area with 
uplifted old basement and arc-related detritus as the end members of the 
mixture. Probably the Khetri basin fill can be considered as a successor 
sedimentary sequence deposited in an extensional back arc basin close to 
1800 Ma continental margin arc terrain. 
19. Major, trace and rare earth element data of Archean quartzites of 
BGC, referred to as Naharmagra quartzites; suggest that these quartzites 
are geochemically comparable to Archean cratonic sandstone of Condie 
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(1993). Important geochemical features of these quartzites and salient 
conclusions are enumerated below: 
(a) The average K20/Na20 ratio of these quartzites is 3.76, that is very 
low as compared to Khetri quartzites (11.04) and lower Vindhyan 
sandstone (18.76). 
(b) Compared to AUCC the Naharmagra quartzites are considerably 
depleted in MgO, CaO, Sr, Ba, NazO, K2O, Rb and Y and highly depleted 
in Fe203. However, Cr content is high, probably due to presence of 
fuchsite. Pronounced Na, Ca and Sr depletion in AUCC-normalized 
patterns suggests that their source rocks suffered continental weathering. 
(c) The CIA values of Naharmagra quartzites are not high (48-77, avg. 
63) suggesting moderate weathering conditions in their source terrain. 
(d) These Archean quartzites exhibit nearly parallel REE patterns with 
high (La/Yb)N ratio (10.98 - 44.29, avg. 25.58) and distinct Eu anomalies 
(avg. Eu/Eu* = 0.47). 
(e) In binary Th/Sc - Sc, La/Sc - Sc/Th, Co/Th - La/Sc diagrams and 
ternary La-Th-Sc diagram the Naharmagra quartzite plot very near to 
TTG end member. These plots in combination of low K20/Na20 and 
Rb/Sr and high (LaAT))N and (Gd/Yb)N ratios suggest their derivation 
from a source terrain containing TTG. 
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(f) REE patterns of Naharmagra quartzites are almost parallel to the 
patterns of TTG gneisses of BGC. 
20. Major, trace and rare earth elements of lower Vindhyan sandstone 
suggest that transition elements (Cr, Ni), LILE (Rb, Sr, Ba and Th) and 
HFSE contents of these sandstones are comparable to these of standard 
cratonic sandstone of Condie (1993). The important observation and 
salient conclusions are mentioned below: 
(a) In AUCC - normalized spidergram, the lower Vindhyan sandstone 
(LVS) exhibit pronounced negative anomalies at CaO, Na20, and K2O 
suggesting that their source rock suffered continental weathering. 
(b) CIA values of these sandstones are not very high (avg. 69) 
indicating that the source rocks underwent moderate weathering. 
(c) Th/Sc - Sc, La/Sc - Sc/Th, Co/Th - La/Sc and La-Th-Sc 
systematics suggest that they have been derived from a source consisting 
r 
predominantly of granitic rocks with lesser amount, of TTG and mafic end 
members. 
(d) REE patterns of LVS are parallel to those of Berach Granite of 
BGC basement. 
21. A comparison of geochemical data of Naharmagra quartzite (~ 
2800 Ma), Khetri quartzite (~ 1800 Ma) and lower Vindhyan sandstone 
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(~ 1600 Ma) signify the following changes in the composition of 
continental crust of Northwest India across Archean - Proterozoic 
boundary. 
(a) K20/Na20 ratio changed from 3.75 during Archean (-2800 Ma) to 
11.04 during Paleoproterozoic (-1800) to finally 18.74 during late 
Paleoproterozoic / Mesoproterozoic. 
(b) Rb/Sr ratio mimics the K20/Na20 ratio and show similar change in 
upper crust (1.08 to 1.37 and finally to 1.44). 
(c) LILE concentration increased fi*om Mesoarchean to late 
Paleoproterozoic / Mesoproterozoic as indicated by changing trend of 
La/Th ratio fi*om 4.93 in Naharmagra quartzite to 3.40 in Khetri quartzite 
and finally to 2.20 in LVS. 
(d) Decreasing trend shown by (LaAfb)N ratio from 25.58 during 
Archean to 20.15 during Paleoproterozoic to 13.07 during late 
Paleoproterozoic / Mesoproterozoic indicate that REE fractionation was 
changed and pattern of REE flattened with time. This temporal evolution 
of REE patterns is exactly opposite to that reported by Taylor and 
McLennan (1985). This feature suggests that "TTG effect was 
dominating in this area instead of "Komatiite effect". 
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(e) Decreasing (Gd/Yb)N ratio from 2.55 in Naharmagra quartzite to 
2.64 in Khetri quartzite to 1.84 in LV sandstones indicate decreasing role 
of garnet in generation of felsic magma. 
22. The trend shown by various geochemical parameters through 
geological times suggest that atleast northern part of Indian shield 
evolved from a TTG dominated crust during Archean to granitic 
dominated crust during Paleoproterozoic/Mesoproterozoic. This 
} 
interpretation is consistent with recently proposed model for the evolution 
of early continental crust. 
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Appendix - A: Average Geochemical compositions of Berach Granite 
(BG), TTG (T) and Mafic enclaves (M) of Archean BGC basement of 
Rajasthan used in present study for provenance modeling (after Raza 
et al., 2008) 
Si02 
Ti02 
AI2O3 
FezOa 
CaO 
MgO 
NazO 
K2O 
MnO 
P2O5 
Sc 
V 
Cr 
Co 
Ni 
Cu 
Zn 
Ga 
Rb 
Sr 
Ba 
Th 
U 
Pb 
Y 
Zr 
Nb 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
Avg. BG (n=15) 
66.22 
0.51 
' 15.22 
4.40 
2.53 
2.19 
3.93 
3.69 
0.07 
0.17 
8.54 
57.15 
83.24 
21.90 
52.12 
32.20 
68.77 
17.49 
103.65 
335.56 
830.71 
8.49 
1.99 
5.70 
15.89 
99.42 
11.83 
41.28 
77.04 
8.69 
30.61 
5.19 
1.37 
4.47 
0.52 
2.47 
0.48 
1.29 
0.19 
1.21 
0.19 
Avg.M(n=ll) 
48.84 
1.45 
11.92 
14.63 
9.24 
9.19 
1.14 
1.05 
0.19 
0.14 
30.32 
313.60 
641.90 
51.25 
193.30 
84.04 
119.38 
23.38 
30.87 
462.69 
79.67 
2.52 
2.38 
5.15 
38.11 
117.44 
10.12 
13.49 
31.29 
3.91 
17.80 
4.78 
1.32 
4.88 
0.91 
5.98 
1.29 
3.92 
0.62 
3.86 
0.58 
Avg. T (n=6) 
71.08 
0.30 
15.48 
1.82 
1.92 
0.83 
4.32 
3.54 
0.03 
0.06 
6.17 
35.10 
63.27 
24.23 
33.87 
20.72 
45.82 
18.96 
152.41 
200.40 
379.61 
18.84 
3.01 
7.12 
21.40 
255.73 
9.24 
45.78 
86.72 
9.87 
35.35 
6.54 
0.94 
5.30 
0.79 
3.85 
0.72 
1.95 
0.29 
1.68 
0.26 
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Continued Appendix - A 
Th/Sc 
Th/U 
La/Sc 
Cr/Th 
Zr/Sc 
Sc/Th 
Co/Th 
La/Th 
Sr/Sc 
Rb/Sr 
SiOz/AhOs 
KiO/NazO 
Ti/Zr 
LaN 
SmN 
GdN 
YbN 
(La/Yb)N 
(GdA^b)N 
(Sin/Nd)N 
Eu/Eu* 
Avg. BG (n=15) 
0.99 
4.26 
4.83 
9.80 
11.64 
1.01 
2.58 
4.86 
39.28 
0.31 
4.35 
0.94 
30.70 
174.18 
33.90 
21.77 
7.14 
24.39 
3.05 
0.52 
0.85 
Avg.M(n=ll) 
0.08 
1.06 
0.44 
254.47 
3.87 
12.02 
20.32 
5.35 
15.26 
0.07 
4.10 
0.92 
107.02 
56.91 
31.25 
23.75 
22.72 
2.50 
1.05 
0.82 
0.83 
Avg. T (n=6) 
3.05 
6.26 
7.42 
3.36 
41.45 
0.33 
1.29 
2.43 
32.48 
0.76 
4.59 
0.82 
6.91 
193.14 
42.74 
25.79 
9.90 
19.52 
2.61 
0.56 
0.47 
'n' refers number of samples, '(LaA:'b)N' refers to Chondrite normalized 
value. (Chondrite values after Sun and McDonough, 1989). 
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Appendix - B: Average chemical compositions of Cratonic shales 
(Condie, 1993). 
SiOz 
TiOz 
AI2O3 
FeO(t) 
MgO 
CaO 
NajO 
K2O 
P2O5 
Total 
Rb 
Sr 
Ba 
Pb 
Th 
U 
Zr 
Hf 
Nb 
Ta 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Gd 
Tb 
Yb 
Lu 
Sc 
V 
Cr 
Co 
Ni 
Eu/Eu* 
LaA^b (n) 
Sm/Nd 
La/Sc 
Th/Sc 
Cr/Th 
Archean 
60.95 
0.62 
17.5 
7.53 
3.88 
0.64 
0.68 
3.07 
0.1 
94.97 
111 
61 
456 
13 
8.5 
2.4 
151 
4.5 
11.3 
0.84 
28 
30.7 
60.9 
27.7 
4.85 
1.12 
4.55 
0.71 
2.43 
0.39 
21 
154 
507 
31 
221 
0.73 
7.7 
0.175 
1.5 
0.41 
59.6 
Proterozoic 
63.1 
0.64 
17.5 
5.65 
2.2 
0.71 
1.06 
3.62 
0.12 
94.6 
165 
108 
642 
27 
14.3 
3.4 
196 
5.2 
16.8 
1.4 
35 
38 
81.7 
37.5 
6.68 
1.32 
5.6 
0.9 
2.86 
0.48 
17 
100 
115 
18 
52 
0.66 
8.1 
0.178 
2.22 
0.84 
8 
Phanerozoic 
63.6 
0.82 
17.8 
5.89 
2.3 
1.3 
1.1 
3.84 
0.14 
96.79 
163 
136 
551 
22 
13.5 
2.9 
201 
4.6 
15.4 
1.4 
33 
38.8 
82 
32.3 
5.75 
1.14 
5.22 
0.81 
2.95 
0.47 
16 
117 
104 
20 
54 
0.64 
8 
0.178 
2.37 
0.82 
7.7 
PAAS 
62.8 
1 
18.9 
6.5 
2.2 
1.3 
1.2 
3.7 
0.16 
97.76 
160 
200 
650 
20 
14.6 
3.1 
210 
5 
19 
1.2 
27 
38 
80 
32 
5.6 
1.1 
4.7 
0.77 
2.8 
0.43 
16 
150 
110 
23 
55 
0.66 
8.2 
0.175 
2.38 
0.91 
7.5 
NASC 
64.8 
0.7 
16.9 
5.67 
2.86 
3.63 
1.14 
3.97 
0.13 
99.8 
125 
142 
636 
20 
12.3 
2.7 
200 
6.3 
13 
1.1 
35 
31 
67 
27.4 
5.6 
1.2 
5.2 
0.85 
3.1 
0.46 
15 
130 
125 
26 
58 
0.68 
6.1 
0.204 
2.07 
0.82 
10.2 
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Appendix C: Average chemical compositions of Cratonic sandstones 
(Condie, 1993). 
Si02 
Ti02 
AI2O3 
FeO(,) 
MgO 
CaO 
NazO 
K2O 
P2O5 
Total 
Rb 
Sr 
Ba 
Pb 
Th 
U 
Zr 
Hf 
Nb 
Ta 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Gd 
Tb 
Yb 
Lu 
Sc 
V 
Cr 
Co 
Ni 
Eu/Eu* 
La A^b (n) 
Archean 
1 91.53 
0.4 
4.28 
0.83 
0.76 
0.2 
0.32 
0.96 
0.02 
99.3 
32 
18 
161 
19 
3.9 
1.1 
87 
2.7 
4.1 
0.31 
5.8 
11.3 
21 
9 
1.35 
0.34 
1.04 
0.14 
0.52 
0.09 
1.6 
11 
102 
6.6 
23 
0.88 
13.1 
Proterozoic 
92.15 
0.17 
3.87 
1.32 
0.55 
0.45 
0.51 
0.88 
0.03 
99.93 
30 
27 
190 
20 
4.2 
1.2 
89 
2.5 
3.7 
0.24 
10.3 
10.1 
21.6 
9 
1.75 
0.36 
1.52 
0.23 
0.84 
0.13 
2.4 
29 
24 
2.8 
11 
0.68 
7.3 
Phanerozoic 
91.5 
0.25 
3.62 
1.13 
0.45 
1.31 
0.42 
0.91 
0.02 
99.61 
25 
35 
150 
19 
4 
1.1 
105 
3.1 
4 
0.3 
6.8 
10.3 
22.3 
8.4 
1.63 
0.34 
1.44 
0.21 
0.61 
0.11 
2 
15 
30 
2.5 
8 
0.68 
10.2 
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Appendix: D: Geochemical Compositions [Major element (%), Trace 
element (ppm) and REE (ppm)] used for the purpose of 
normalization. 
Average Upper Continental Crust 
AUCC (Taylor & McLennan, 1985) 
SiOi 
TiOz 
AI2O3 
FejOs 
CaO 
MgO 
Na20 
K2O 
P2O5 
Ba 
Rb 
Sr 
Pb 
Cr 
V 
Sc 
Ni 
Co 
Y 
Th 
U 
Zr 
Hf 
Nb 
La 
Ce 
Nd 
Sm 
Eu 
Gd 
Tb 
Yb 
Lu 
Th/U 
La/Th 
La/Sc 
Th/Sc 
(LaA^b)„ 
Eu/Eu* 
66 
0.5 
15.2 
4.5 
4.2 
2.2 
3.9 
3.4 
0.2 
550 
112 
350 
20 
35 
60 
11 
20 
10 
22 
10.7 
2.8 
190 
5.8 
25 
30 
64 
26 
4.5 
0.9 
3.8 
0.6 
2.2 
0.3 
3.8 
2.8 
2.7 
1 
8.3 
0.7 
Elements concentration for Chondrites 
(After Sun and McDonough, 1989) 
Cs 
Tl 
Rb 
Ba 
W 
Th 
U 
Nb 
Ta 
K 
La 
Ce 
Pb 
Pr 
Mo 
Sr 
P 
Nd 
F 
Sm 
Zr 
Hf 
£u 
Sn 
Sb 
Ti 
Gd 
Tb 
Dy 
Li 
Y 
Ho 
Er 
Tm 
Yb 
Lu 
0.188 
0.14 
2.32 
2.41 
0.095 
0.029 
0.008 
0.246 
0.014 
545 
0.237 
0.612 
2.47 
0.095 
0.92 
7.26 
1220 
0.467 
60.7 
0.153 
3.87 
0.1066 
0.058 
1.72 
0.16 
445 
0.2055 
0.0374 
0.254 
1.57 
1.57 
0.0566 
0.1655 
0.0255 
0.17 
0.0254 
